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Abstract
'1'111' 1I ~ ' of 1' 1I V,i lll ~ 'ITd d ay lirwrs ro t' mill il i ll ill .~ landfill \1", ls h 's and p l"OII ' rl i HV,
ll,ll11lllf lw illl' l' 'l uality is llilsl' i l 011 ti ll' adsor ption (',Ipileity and imp "l"tlll'ilbilil,Vof
t li.' ' -)ily f" IJr i. ', I':x<:('ssivroIl' i..-ha! t· llI ro u/t11 r-lay lum-icr s is m ain! ,\' due to dl< l lI g<~
i ll till' illt,d usk IWrll)('iL bility o f 1)1(' r h.y II lil l t' r iill when , ~x l'usl'd to contuminauts.
'["I,,' nn lllHlli l,ility <II" r-lny harr-ie-rs with 1" ,lellll ! " is IIII'll evaluat ed l hro llF;11 1\11
<11'1" "; 1'1111'111, of dl il l lV,('S ill t.111' il ll !" X prcpert «-« a nd/or inter-na l st ruct ur e of tI ll'
soil. 0 11" ofr.ln- IIHljO!" (aclors tl li l t 0 111 "m'd t Il" r-lnypcrfor umnrc is tit. : pll'Sl ~ r u:('
<If UI'IJ,il ll ir dll'lIlinds in I II,' ]f';II:h,(l e rhar Iy pind l.l' ,'o/lslil.1111'more than .'1,,% uf
Ilw tur;!! 1";I<']wtl' /!,"l ll'rlll.,·d ill lilll,l/ills
' I'[n- /!,,,ds of Illil' wor k an ' 10 providr- II lwt l..r understa nd iu/( of 11l1' "m'(: l~
of various llr~ll ll if fllli, ls on r l ay minerals 1111(1 10 pro\,ill(, il d ilt ilhils\' for cluy-
url!.<Il1i ,' 11 ' li,1 in1!'I'a<:tions, so thru. 1.h(~ TI'Sn!1s tuay h,~ USI'd for thc cvalun tion an d
pw dir l illll uf d'l)' har r jr-r ]ll'r rUrllllllWI' in wnxle ' :'J111.i1illl11ellt. applicar.ions .
T Im'" d o'.\' tuinr-rnlx; kaollulte-, illit.r-und s nll'di l, ~ ,Jr<' im"('sl,igill"d in Ih is sll1dy .
T Ill' dll'lIl ifid ,~ lls<·d i l l' l Jl' r lllt'ill1l. s rover il wide rang c of e1id ed ril: I:Ollsl. i1I1 I.Sand
'1l11ll'<.l1IS snlllhi lilil'S, Tl ll'SI' un-huh- acct it' acid (llrid il:), aniline (bask). methano l
;1111 ill" '!IlIU ' (1lI'lll.ral ]101Ilr). ,Ilid f:i1rh Oli Idril f l i lori dl' , tric1l lorol'thy ll' ll'~ ami xy-
it'lll' ( l lt '1I1ral HI1111}nlar ), I'I·rnw'l hilil.y measu rement s have hClm carr ied out 011 thc
1"1;1.\'1' lIsil1~ iI riAi,1 wa ll pcnueauu-tcr , ~lit:roslrll f:t. llH·S have been obser ved usi ng
Scanning Elect ron ~ l i rro~fo"." to deu-nuim- 1111'dr"fl~ of l ! tl -~" ur,~all;" dU'llli"a ls
011 I!Lt~ internal strurtu«- of lIlt' "' a,n " Thi~ ~II1t I ,\' nlso 'l tlt'1l11.ts!tl fon.-I",,' in
pl-rnll-i,h ility and m inos! rur-tur e u l' t \11' l'lays, 1,:11'<,1 r;l'"l prtl ll1 -r l i. , ,~ or 111l'l"'l'l ll "
aut. appea r to control hydraulic couduc-ii vhv '\lId mirrustrvn-tun-, ,'slH'\'i; \ll,\' r"l
srn ee! il.ic day,
I dedic at e thi s t hes is t o my wonder ful par ents,
M r. R. Sub rama nia m
M rs. Raj alak sh mi Subram aniam
ii i
Ac kno wledgements
,\ number of IM'Opl,' 11;\\1' b<'l' lI iUlil nll l1l'n' al ;11 "lIalo l ill~ li lt ' ttl ",11"""""[11 11.\' "" 111
p h'le my p;ral!llil ll ' 5111.1,.. Fi rsl o [ a ll, I wuu l,! Ii "' · to " )1:1'11.,.,. my S;U... ·I1· 011101
hea rt fel t p;ra l itllt! (' 10 tuy lIth· isoT. H r. l'i c'H" :\Iur ill for I,i" "xn ·II"tll ,r,ni,la,,,"(·;11I,\
suppo rt i'li "U lIl agl'll of IIIi!' lIwRralll . 1 1"<1111.1abu likt· !" l1MUk 1Ir. II. So'!'II;" h i.
IK~a ll of Engin...·rlng 1111.1 Hr. •J.J. Shilrp. ,h "' JO" ;" l ,· Il";lll . 1.'", " II,\"..r ElI~i 11l ,, · r i ll v..
for their continuous elifoll r"gl' lIwll ' a nd support d ur iulo!, lIl,\' ;\1.10:11).\ . progr.un. I
11m VNy gral.d lll to the [o'm:nl1.y IJf EI1Ai 'H..~..illj.\" ' I,II\ I,\.li,·,1 Sl"i " IW(' und 1",1111'
School of G rml l1l1l.,' Sludi'-!l, ~l.tr .N .• for tln- p,l' I II'rollS lill;lIu'ia l ;1.s"i"l a lln · t h;,!
I n~("l'in'tll lll r iIlR Illy 1\\,,,y. 'a r~ Ill'r(', Thanks an- .hlP." lI.ulli 11 (: i l1" ~ l'i . " N' -I\'
.h-rsr-y ; Canada IIrirk , Onlario; a m l ( ',IIl,,,li. el i.)' I'rn.lud s, S"s \;;ltd"'Wi'lI r.. ,
tl\l~ clay materi als ~u l'ptk'd II)' 111I',n. I a l~) we h I.. ('xll'n .1 my !' i lll ... r. ' t1.illlks
10 m y fr iends , ~ I t, Pr a!lhan l ~h'llrot tii a ' lll [I r, Y"'III11'llla I'r ilSi,,1 ru t tl'\·i,·\\'il1j!,
the t hesls manu script a nd p rovidin g Il!i('fnl sIlAA.~t ic IIlS. Fluully, iI vc'ry "lu..-iill
t hank~ 10 '11)' ram ily Ior t lwir t UllsLill11C'u l·"ural!.,'nwIl I , III w .. 1slIl' l." rl iHld \" \'<'.
iv
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Chapter 1
Introduction
1.1 Importance of Clay-Chemical Lnternctions
in Containment Liner Design
O rw of I.Iw most. v it al auf! pn's~i ll g bSIll'l'l filC:iul; modern sUf' id ,y t", lo.y is tl ll'
co nt amina tion of t he cuviro mncnt by indns f.rial, dUlIlC's1.ic: all, l Il lluli,·i r... 1w;ls l , ·s,
T he adva nces ill te-chuclogy havr-i ll <: n~a >l 'd Ilu l only l.Ill ' pru d udioll ' "'ll';Ol:ily or
in d ustr ies . bill al so llll~ VOh lllll' or lnmufu l WlIslps p,{ 'I I! ~r;d l'd ;lllll, l,llf'n-hy, H tr,
del eter ious d f/'{:ls or I lwS I" s ll hsl a ,wf ~s 0 11 tlu- human IWHIt,1i ;!IIl I I'I I V ; rol ll ll " III ,
Some scie nt ists havo llrtlj(·(:t ed all a nnual t.ot.al wlls h ~ ,!\1:lll' r; l ljun uf il K IlIlwh ;oS
12 billion t ons by tho yea r 2{J{KI ( T chuIJalloglous, I!J!/:l). I II J!1!JU, A IIIl:ri'";l!I,S
1.1"11"'~"l wr;IIr~ 1 o ver l!):j 11lilliull l.( >IIS of ffll llli r ipa ] s olid wa ste ~ud 11)(' ar munl
i H IHIIIJ I1. jl; ' ·X!Wd. ·,l lu ilH: n~iISl~ 10 morethan 22(Jn ailliou to n s hy 2110 0 1\.1>, T ilt'
...a [' ~ dispI )slll ol hil;( ~rdlJlls WIIsks is , thrrelore, of )Iril nl~ importano- when dealing
w illi til<' iMm' ,,;" f ~1<)h;(1 r-nvlromnont slIstaillilhi lity 1111.1 dr-volopmcut .
or t i ll' Sf'VI'I'il l . lisl,osa l 1.<'rhuiqu,·s <lr ili luhle fur hl ll.llTllu lI S wastes, Imu]fi ll i llg
i s tIll' 11 10 ...1.rurunrou. " ~flf)d i1lllll 'Oach low <1nlsSiI[{, d i,p usa l of hazar-deus wa s t e.s
ill vulwlI il ll l,ruvin p; t1w t!"s igu and celllst rllel.inn of t!«- prote-ct.ion day harrier-s or
li l" 'l'Sthat. nn' 11~'WII I\) t'ne all" Inlldfi lls . TI l l' primary I' lIrposC' of thes e- li lll' rs is to
i ll l!,t·,],· IIIip;rllfion " f l'lIlr!fiJl lear/tal I ~ lutogfnllllll\\,atc· !"arrd/o !"topre ..-cut outwas h
o f II'a,II' 1IIIIh'rill] l.y pns,i p il.1lliou II/ Id runo ff I\'illl'l'. 0 1/t' flf thc priJlla r) ' ohsl.aclt";
i l l (/IOSig ll illl:( II ~{Jo{1 Imld fi lJ d lly linrr is it lilllil.f'd knowledge of the ro lTlp ]('X
plr )'sim-d ll'urira l ill1.t'flu: l,iulls Ih ~1. lJIiglr1. t.ake phK e 1 1I ~ 1. 1 1' (,1' 1J Ull ~ constituuut.s of
[anrlfill It ' iWltil!f' awl tlll' liner l1liltc,rinl. T'hr "rese ll l wSI'Hrch work p{,rtai llli tu
\.l ll'st ll . ly 1>[ such internet.ions as II lil .\' occu r between the k-achate i!TICIday li ner
Il l ll l l ·ri<tl . nndrhr-ir illlplit:a1.iulI' fo r haxardous waste disllOsal i1l111 co ntainment .
1.2 S cope and Objectives of t he Research
'1'111' lUust connnon typoso f mau-ria ts ' ~llI p [oYI'd liS liners ilrt~ clays , synthetic ge o·
n wmhrenvs and S lJ llll'l i l m~s . ~ combination o f both. In t his s tudy, on ly days are
ronaidurcd. III I'hl'luinl l wnsl ,' l.mdtllls . om- uf 1ln- l11u~1 illl l' UrI 'l ll l 1 1 1 ll'~ l iul1.~ that
arb('s is lh (' ahility of d ay IM r ri l'l"~ 111 I'lfl,l"t h'I'I~' rontaiu 1\',I~It,~ witlmut 1I11d.' r
going apprec iable aln-rurions lnum-rostnu-t nn- 111111/01' Ilydranlit' (,,,tHlllt'li\' il .,"-
tivit.y ,111(1 Ill kru~(.f1Il ,tlJft ' of dn.l'~ is II II' [In '~' 'lIn' of "rp. nll it' dll'lIIir a l ~ ill tln-
Il\nd filllc~a chll le. O rga nic Ch ('lllil',lb typu-ally fl msl il lll,' tuun- thun hel'/,' o f 1111'
tot.a l It'achale g('ueritlell i l l lundfllls. 1)(,!II'1I1Iing Oil 111" natun- ilu II I"'ilfl i \'i ly "f
the o rganic liquids , diflcn-nt. physu-al atul r11t'llliC il 1 n 'ilC litl ll ~ (I(TIlL TI"."" II lif .\·
cali se t: h al1 gt~s in tho pftl rll ~r ti ('s of I,lli' !"Illy miur-rnlssn t'll i1S. 111 1 im-n-asr- " I' d,'
crease i ll t.Ire IIYllrillllil: fUlldlllt i" ity d ill' In diss olution or pll'. -il'ili1lioll o f ril' _I'
soil pnrriclcs, Of dllLlI gl~ in tilt' IHk rofilhric' dill' 10 ilAArql,lll.iuli Ill" ,lisl" ' rsioll of
par ticlcs, o r all altcraf.ion of mechanirnlpru!,c' rth '~ slid , ilS ~hl 'ilr st n 'lI~ t ll, ullof
wh ich , ulti mately a lfcd the p(' r f(l r l11 i1 1 I n ~ of 1,1ll' liuer 11 1nl t' ri.tl. A I1,IHlI llillt"r is 'lilt'
who se st ru c t ure und p m pprt ies il f( ' 1101. ad vr-rsely id l,t 'H'd hy illt, 'r;lr l.ioll wif.h til<'
leachate , It is , 1, I I I ~ rd{)re, ohvioll~ I.1I;l l, i ll unh-r I,u sifft'ly n1111"illIlify.<l rdo lls w;,sl. ,
ill a landlill, it sound k ll ()wk( l l;l~ or till' pll y"kal iflld d"' llIi' - llll'rll"I'~S" '~ involve-l
must h(~ at taiued.
Se vera l In vestiga to rs (Me sri and O lson J!J71; Hruwu dill. I!JX·l; IIl1d" I's" ll
ct ill. 1985) have r" )l()rll~,l i1 1c:rei I Sl '~ i ll hy d raulic r:olll l lll't ivit.y uf vlays , "r t.Wo
or t h ree orders of ll li,~nit.ll dl' WIIl'II [ll'nlll'ifll,.1 wi t.1I pun ', l't' i1).!,I 'n t.-).!,l"iltl, ' u r).!,il ll i l
fillid s . (Jtln-r ...·s('i1r t:1 lf~r.~ (lJpJlot illlli Sl q ,l ll'nso ll 1<Hl!J) ha\"f' shown tl ll'ill erf'asi'
in f·fJlIdll r:l.ivit y tu Ill' jus t two o r tlll"f~(' times . Dallil·l a nd Liljr-st.rand ( I!lSI)
sho wf'fJ that IWrtll"i ll,iolillf (:oml'i lf'll:d d ily with <lilut!: OTWlI lif' waste liquids From
'1'111' ,' x isl.illl-\ lill :raLuTe , I.llf'rd uTl" 'l plll'il rs 1.0 hI' o r it fl lllflietin g 1Ii1!.lIr!'. Th is is
l" lssiloly ,1tH' I" S"vpr,d fador s, viii, dfl'cI o f dilff'l"l'llt I ,yp (~ o f pcnnceuu.tcrs , lIy-
, lr11ll1;" IJ,ulfli" lll,s, soi l ( 'flrl ' pn-pnrutinu mdliluls a ud rurw{'nll'illioll o f t lll' orgmlk
liquills s tllll il'd . T his ,<; llI<ly Will' uw! " rl,akl'll wit h II)/' followillp;ohjt:l :t ivos:
r_ To df'1I'rlllinf' llll' dlill lW'S ill hydr a ulic fOnd llrti vi1.yo f Sd( ·t l.f'd d ily minerals
whenpnllwat,,'d witf orgil llif IIllid s _
1, ' Ii I sl ilfly 1.11" alt"I'lIt io!ls ill IIIl' microfuln-ic of d ilys 11111' to expos ure 10
o rp;ilik Ilui,b.
;1. ' Ii I liSt' l.1l1'SI' measurement s 1111(1 vahu-s o h t ililll'd fro m litt-rature, s ueh as.
flif'!f'd ri, ' runstuut. nnd vis("osit)'-dl' lIsi1.y d lll,a ur t he organif' fluids, t.o ex-
pla in 1111'uhS('f \"('\I dilf "rt' lln 's in p prlTlcilhi lily and microstruct ure o r d ays
,I. ' Ii I sllll ly 1111' e'orrclanen ln-t wo-n index propert y tes ts and I,he changes in
t Ill' hy,lral11i,· f'ond ul'1i\'it y illl(lll1inos1ruc t llrt' o f the clays.
fl, ' Ii> IISf' t.ln-l"l'SlI h ll Oh tl1i ll cd in this s t udy lo present a cotnprchcusive p id Hrf'
of rl'ly-or !,:'lILic luter nrtious for hazardous wasu-d isposa l np plicatiou s.
1.3 Organization of t he T hesis
T Ilt' l fl<'si:! l'<'lIs isl s uf;, .-Il1lp ' Pt " .aud ;'I 'I"·lt, li ...'S. 111,- n >Hl" lll s {If \\"l l i..h ;llt' <IS
f<>llo\\'s:
• Cha pIN I - Introduction: Sta l l'lIlt'll l of IIw I'ruh l' -I'l. T Ilt' s""I"- iltlOl
ob j ect ives of 1.111' fI'S('i1lTh arl' 1ll'l 'Sl'lI lt ', 1.
• Cha ptm ~ - A Review of Lit.e rat.ur-e Uti h,\'Ilrillilir n 'lIIltwli\'il .\' ill l'l mi
rros t.ruet urc anal ysis . dll.l',I'I I('llli l'al , 'OIll!,,11ihili ty ~ l l1 , li , ·s . ;111 ,1 s l ;,l, - ,,[ tl«-
art \.,'sl illg ll]('l ,ho!lo]Op;;l'S.
• Chapter a - Iksrripl.;llll of ti ll' Mnte r-ln ls nnd Methods ('llll' l" y"c1 ill I II<'
:;1.udy.
• Cha pl,'! -\ - P resent a t ion an d Discussion o f Il l'sult i'l"l.l l1ill1',1 ill 1lib
t~X ,,('dll\l'lll. i\1 slu,ly.
• Cha pler .'j . S ummary and C onclusio ns (If ti ll' stud y.
Figure 1.1 is a sHl11ll1 <ITY of 1.111'It'1l. s rlll'lI1l' [ullnwo·d ill t liis s!wly.
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Chapter 2
Literature R eview
T Ill' puq '<lS(' llf t h is 1"1 '''1'1''1" is to rr-vu-w li lt, l i l " ri, l llr('I " 'l' l i l ll' ll l I " Il ,i s i" I"'-S
rigarion. Th " dl<lp lt'r is ,lividl'd into 1'' 11 1" s(-"t i" ns, TI ll' lirst ",-,'Iinn p,il"'" ,II,
over view of l,iIZill"c!OIlS \\'/lsll' disl'(Jsioi ill lil1ld ri1ls. A d ,I"sili, 'a l jnll "I" 11;,1.;11,1"11 "
wasl(~s i ln:onl i fl l!, 10 I Ill' natun- of I Ill' Wil Sl, ' !lHi,1" is I' n 'w II1'<' 1. Th,- s(" 'I" 1I1 w.
rio n clisl:llss('S al l'·II,:;1.I 'lhe ty plrul st.rnrtnn- ;ln d minl' r ..llJ/!,in d 1" 'HllI·lt i,·,." I"Ihr"f'
d asst'" or cluys rhnt. wr'n' nsed in this study. S" lIw" f t i ll' ma jor findillp,s "r I'i,s l
soi I peruu-a bility ilf(~ (lisr ll.~ s(~d ill I,ll!' 1.hi!',1s, '(:1j,,". 1';lf.-,'I" uf VMill!l.,. pill';HlWIt'I'S
0 11hydraulic eenduet.ivity IlH ',ISnrl :l1WlI1 s is IIII'SIII,,il" 1 or ,lis'-llssi"l1 i ll I Ill' r"ll rll l
sect ion. T he rd pV1l1l("(' o f slid ! st urlh-s t o 1110'!l fl 'SI'ut iIIVl~t ip'i1I,i" lI is diM'uss".1 i ll
the (:Ollfse of 11\1:sf ~di(JIIS, wllf' rl' i1l' plil:abll"
2.1 H azard ou s Waste Di sposal in La ndfills: A n
O ver v iew
Ik.~ i ~1I or rontauuueut slnwlu rl's for lIaz;;rdulis waste-dispnsill lias, of lilil' . ht,t~ lI
llw Ilb j" ("l of 111'1l"11 iIU' :111i ulI Inun {'l lv iron lf]('ul ill I'ligilll'(·rs. [ ll en 'asi l lg 1 ( ~ l'l'l s u f
li , ill ll ll' 1l1 srnu-turc, rn 'I IIlI ' t1t1y rvfr-rrcd to ilS 11 fl'si,hll' landfill. Alt Prll al( ' kch·
nitl' WSil l 1,<I,w n h llis lI' iIS ( ('1I 1i l ll illl; ('m"t1l. l l ilVI ' prog ressf'd fur ther. hUI 2li\i(; or tIl('
tot ill ve l II II I( ' g t ' IW I"i, !I 'd is s l,i11 rtl illl ilgl 'd by liwd (l ispos ill in w,l .~k ("oJlI<lirmWIlI
p];w ls , illt"illl'f <ll"r ush, Iouudry \\' i1s1 (:~ audtoxk and haz ardous materials (Fe1.l"f
I!J!l:I ).
1't't " l"Stl !l ( Il/I·n ) rr-purtr-rl t h.,l . in 1!IS:!, tlwn~ were 12.lml 1I\1I11lilb ill t.he-
United Sli llPS. inf111di ul!;2:l!J,'i open dumps , uud un unknown num ber or alliin -
t!lIl1l'd " lllllfilis. F1l iluTl' of landlil ls Illay nr-cur diu- to a vilridy or ra llSt'S such
OlS illl jll'tllll'r opernt ing llIdhotls, defective le-acha te collection systems. imp roper
l"u llsnlit(a1,iUlI, pUlHlling ou t o r leacha te an d co rros ion or drums cont ai n ing liquid
W,lSt{'S. TI1l' U.S. Ellviron lllt'111,d I' m 1t" '!i ull :\ ~"llr.I · 's ( l 7S EI'A ) mluinmm lec'll
nolog inl l roquir eun-ut s for hazardous wastcLmdlill e1,'sigll ,,11,1 coust rncuon 1\"' 1'"
inlrmlllc:t'c! by 11\1'COllgfl'ss intho 1~ ).s,I I ];l%ilrcl tl lls .111,1 So li, l \ Vaslc' ,.\ lw'wI1lIl'1I1s
( IlS WA), [n IIS\v :\ sortiou :llJO,I(o)(I)(,\) . EP A n 'clu;n' cl all ta-w )'Ill ,llilb w d
surfa rr- inrpouudnn-uts 10 han ' double line-rs;111,11" ''' '11 ;,1" f(111 ,','li tlll ' 11 1,1 ...·111<'1·,11
a barr ier bctwcc u wast,~ mat erials and t h" hy,lroJ.\,'\,luJ.\;' · "IIVil'tllIIlIl'ul h.\· l i llli l ill ~
S('epag" [r0111 1Ill' fac'ility a11l1 I II pn )\'i,!c' support I'm U\'N l.vill l!, c'utllpt11l t' lils "rtlu-
facil ity. EPA has propo s",l .1 minimum hplr;l1lli<- f UlI,lu rlil, ity of I lo: In ' 7 n il/ s
for 1I1f' hot tom lim-r lI1 a t c ~ri al l1 ~, '<1 i ll hlllllli!1,I" sil!,l1uud r-uustrurt.iuu.
Solectlou o f OJ lillN lIwll' rinl tl lIIl t-nn lit' n 'lll[,ar lt ',1 It> :.11t' rt'lillin'ti pr-ruu-
ability involve'!! a s,' ric'S orlaboratory Les tx of t i ll' c·np,illl'tTillJ.\ I,mlll'r li,'s of 1111 '
Illiltt' rials. III uddit.ion t,1l 1I11'I'1ilig p,'n 'll';ll,ility n-quirr-un-nf.s, 1.Ilt,lirr<'r lilill, 'ria l
I1I l1st Ill' comp atible wit h 1.1 ", wast" l.Il1I l it would I", ('XI" 't'!", 1 I,ll n 'nl ilill, lu-
,:aIlSI', c!,!!wflflillg Oil t he natu re and rc·m:tiv ity of Lln- !C·;(t ')lirt.e-. Ilirf"I'I'1I1 p lr y ~ ind
alit! chemical rl'act.io lls occur' . T llf'se n' ac:l. ioliS miry ,'orrr s,' d lill1g;,'S ill 1.11<' prop
erties of tho Hiler mater!..ls which may lll timilll'1y a(r,'\:1 ti ll' pel"fUrill il lWC' uf lilt ,
line r. 111 order 10 safdy contuiu Irazan lulis \\'ils l , ~ i ll iI Iirrr< llill, kllow l , 't [~" tlf 1.1",
physir-al and rheuiieal pr<Jl" !sS"S i ll l',,! ....'ti IH Il S1 I.,' "U .,ill"'1.
1\ review of literature lndicat.os lhal. a wid,' "arid)' orurgill1 il: dlf'llI i':ills IlilV"
J,'~m law Hilll'<!ill Uw fI;I .~L Tllf-'m ls, l l()wf ~ v' ~r, JjIlJI~ available informm.ion concern-
i ll~ tlJI' imparl or fJf~an;,; Iluids , whichform a ma jof cO fl~l.i tJll~ llt or til/' leachate,
UIJ tlJ(' pmp(' f 1.if'~ or til" litter lI1 atf~fial. Also, the d rcct of many chemicals and
d ll'm iclL! mixlu res uu day soils is Hot wollumlcrstcod . Some lnfonnation ruuy he
ubt;.ill,:, l from a revi ew firtlw feM ~arch t.hat lias been ca rr ied out and Illlali t al,ivt,
Sl.il1."Hlf'llh GUl ],,~ 111MI,'n'~artlill~ 1111' b /:h1lvio llr or cert.ain d ays ill the presence
o f d illi' n 'lll I'Y l't ~f.)r flui ds .
2 .1. 1 Class ification of Hazardous Wastes
T Ilf'rt , M/' s" vf' rll1 widely 11Cr'~ fll<'d f:lilssificill iollS or hazardolls WilS t.t'Snccordlng
10 dilr,·n'lIt.SOlllTlOj; Ill"charnctcristics or th t' wastes as follows:
• Nill llTt'o fUlt, sonr resurh as spee ific or uon-spccilic
• ClliIf'1Clt-' ris1. inl or tIll' waste such il S rnrroaivl ty , igllit ilbilil,r , toxicity, rear -
• Hierarchy such as form Of phase distnbuticu , organic O f inorganic, chemical
dass (so lvellts or heavy metals , t reatability)
• \Vast.!' nmnagemeru mdhods such as OIl-site waste or oW-site waste.
10
Figure 2.1: Haza rdous Waste C!assifiCill. ioll ( i\ rll ~ r Sharkdfllnl, UI!)4j
I I
I'I'r lmflS, 01)(' flf 11m m ost conimnn methods of cl assiflcarlon is IIIa t gi ven by
Sh iu:kdfur .1 ( I!J!JI1 ). as shnwn ill Fi gure 2. 1. ac:c:ording to t ile nature or tlu- waste
Iluids.
2.2 Properties of Cl ays
inall'l l ilS 11I)'l'l's of p l il 1f ' .~ an d ha ving all dft,t'l h 'f' diameter of < (),002
111m"
'I'his small dft' f:l.i \ 'P di'1l11l'1l'r Sf'I 'l'r<'iy re st ril·ts ~l'oll n d wat er advection a nd liurlt s
illl w- agAw gilll ' ront-uniueut t rausport to 111osl,l,\' l1Iolt'I:lllar diffu sion . t hus mak -
i ll ~ d ays I'lfl'f1ivl ' liner materials. C lay minerals are hyd rous phyliosilicatcs -
larAc'ly of aluminium, magueslum an d iron. t hat , 011 he ati ng, lose adsorbed an d
"o llsl,il lll iw water uud yield refra cto ry material ai, h igh temperatu res. Llay mill-
,' rllls umy 1)(' rcl1l);hly <'illq;or i~':I'd into fo ur gr oups according to t.bf: basill di s ta 1lcl'
of 1111' unit n, ll, n lll1Jlllsil.iol1 o f thr- sllI'ds and till' kind o f bonding l.liat form s
Ift'[WI '<'11 unit 1;lyf'rs . 'l'ln-se gr oups me kaolinite. illit e, slliedih~ , and c'iloritc. T he
pro pt' rti, 's of Dilly t.hosc· el a....minerals that. were used ill Uris st udy a re reviewed
il1t h issl'r !inl1.
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2.2 .1 K aolinit e m in eral s
Kaolinit e is .. 1:1 li'I)"l'r nOIl-"xp,uu lahlt' 1'1.1." ha" inJ:,i'I low I"Oll i"n t'x,·ha ll~" ,...
pa.eit)', lo w sl'K'f'ilic sur r,,("I' ,m'.. and a "l 'r ;,: IllW 1''' '' 'lIli,,1 rur shrink :<\\',,11. TIll'
st ructu ro or kaolin ite, hits h''' '11 "I Il, lit...1 in ,I"I;lil II:\" ""\ "'ral iuv . ...liJ!;.. I" rs (Brim l
k:)' nnd Huhil1:«:m I!I,W; Bail" , \! )(i:n itll,l i" ,,1'\>1\'11 ,..-I...IIl..l i.·.. Il)· ill Fip.lIn· :!.:!.
Th e: st ructure is {:(JlIlpOSl'C! or a sill,;II' silin . !l·l rillll·,Ir;.llilwt'l ,utli iI sill,c,I,· "Ill
mine (Gihhs itc) odal lc"lral slll"'1 ('o mh illc'cl in II IIl1il :<o Ihal IIll' lips uf t ill' sili,'H
tct ruhcdr ul il ll d one or 1,11e' (lf llll ll'llm i "llt'd, fcnu JI nlll llllOil layer. I II th .. laY" 1
common to the ortuhedral ,lIlll tet.ruhr-drnl ~rnllps , l.wu·l hirlls "f ti ll' Ht"'II" 011 '"
shared hy l l l l~ i'lili n lll and aluminiuru. T Ill! 1II1l1l'ntl ii'l l rid ill ic T Ilt' la,n 'rs III"
dlrcc t km ({ lri l ll l !.lf~) . 't'ho l:harp;I'lI wi t hin t111' str 'II'lu ra l'lIIi l ;l rt· l lil l" IIU..I. '1'1...
sl ru clura l rorrnula il< (OIlI..Hi,t11,()1U ",,,1 1I1" t111"1Ir1·t in,I ,'uIIIIMll'il illll .·Jlq,r, 'lt. 1
ill uxhlcs is S iO z - ,lfi .;)-l%. Alz(}l - :m..'i'X,. 1l1() - 1:I.!lli'X,
hyJ ro,e;ell h Olld illg IM~lwf"!1I 1111~ ld ra lll..lml i",,1 ' lof:h lll"firal :<llIds uf 11IIj;,...·ul
un it cells. These hUlIdi'lMe ~l r(J lI~ 1!f1oup,h to Il rl 'l : 11l .11 ~ 1111- illl rud lwl iull ..r wah "
hct weeu the unit cells, 111 11" prl ~l'e ll t.i l l g an i llh'r1nyc'r Nwd lilll;, T Ill' ~ 1, ; If 'k,' d nysl,1I1
st ruct ure of kaolluite r"sll ll,s ill Hbllll:ky form fill' l.Il i ~ dily mill. -nd mil l I' 1;'I 'W'I' Iii;".'
a nd lower sur face to volume rill io t han 1I11lt'r day liIi r ",nd~. Tl lb lew Nllrrllf:I' "lI'it ,
efJIlll.jll" ,1 wlth tI ", rd'l li\'dy small Ill'ga t i\'c sur ra,:,: d lilr~{!, n 'sll!l s ill kao linite
I",i llg till' I"ilsl ,,1,,1:1 rodl " llIi<:all,\'ilel ive a lll i I(,ilsl plust ic day lIl irll:ral (G old mall
d ill. I !J~ J{J }, U " SS I<II.J Kerr (J!J:JI) a lla ly1..:d m all)' samples o f kaolinite minerals
IIlId fl >llr:!IllIl',1 lIral lal.lin : sule.tit uf.ion was miuunal. "l'hr- varlat.lon 11I'1 \\'t~t '1i
Illt'lI lll1:r s of the kilOlillilt : p;rulll' is due to 1I 1l' dilf er l' lwl' ill t ill' stack ing of SIII'!'1
un it. Iilyt' rs une- ,,1)(l\'(' I,lw other Mill ill t ilt' posit ioll of l.llt' aluminium illolll S ill
IltI' lldi l llt'tln ,l layer. l\ iloli ni ll · 1liIS il higlll'1' unlou " XcllilUgl' capacity tlum most
t:1ily miur-rals. T h is 11M)' Ill' dtn- 10 t.ho I HI~sl'nrl' o f rcplareab!r- hydroxyl ions 011
UlI' uu lsi tll' o rstrlldu r,r1sh t'd s,
<:m rrpM" tl wit h 0 111<'1' clay miuernls , kaclinltr-husit lower nl liniry fur water a nd
a 10\1'1'1' dis p('rsi l'ity aud du('.~ 1I0 [ ilc1li.'I'(' it low l' .'rr 11l'ilbility UPOII comparfion.
'l'lu- pt'fll ll'ilbi li l,y l1lily Ill' 2 Ii onk-rs o f ltlilKllil llllr- h ig llf' l' thnn t ha t of Sllll'dilk
t'l a.l's ,111<1 ahuut I :l lIrt1ers of lIlilg nit.lllll' hig her Ulan lh ilt or illit ic days . Sinn: i1
is t' lel'trodll'l1Iil' illl y inarf.iv e. ils behaviour may be less ilrfecl l'd by chemica ls t h an
u l,ll<'r rlay mhu-rals. T hus , II kaoli n it ic rlay liner lilli,\' h ave a higher permeability
t hiHlliul'l's l'Ol11llosl' d uf ut.lu-r d ays . Im l 1lre permeab ilit y of 11kaollnific clayliner
Ill. l)' not he- itS sf' lIs il i\'I' 1.0 d li1 l1~I'S ill 1IIoist ure 1:(1I1tl' l11.or chemical attack,
II
I\ilu lilli, .. IlIi1"
Sj lir~ Sh....'
S iJir~ Sh....'
SU.,.,-t il·'t ),I'Il'l m<>rill,,"il ,·j
Figure 2.2; Schematic of Cia)' \f irwral St ruct un- (afl,or Mildl<'l1. 1~J7fi )
).'i
2 .2 .2 Illite m ine ra ls
Tlw~,' art- I idilll ~d as m il:H-lik(' d ay lII i lll ~~;lI ~ 1 1I~, : ;l1l ~' ~ or t heir s t r uct IIn II similarity
I." 11 ), .l fl Jll ~ lII inl ~ _ A sehematk dia g rum or r.lmstructure o r illite is shown in
FiAllrt'l.l. JIli1<'S ilfl' "ullljJu~ ,'d of l1Iif:iI·likt · llirr't,-1;tYI·r sher-ts with 11 11 oc:1allf'dral
«:iJ,l,sil, ') ~lwd lwl lV""11 two silinl tetruhodrnl slwd s (2 :1 stmdurc) . Thcsr-
I ilyt'r~ mny IJ<'bound lop;d h t ~ l' hy fixed or , :x ehllll p;!~ahl(: cations (pctnssium fur
illitl :). '1'111' Sfll't:ilk mjnern] spt"'il~~ in this group are detcnuiued by dillcrenrus ill
,w l,HI1l',II',,1~ h"l' I, ,:olllpn~il.i()11 and 1,lll' tyP(' o f intcrluycr rations. Two ll1illera ls ill
thi .~ group Ulill. m-cur (·ulIllll tllll.\' ill soils an- illill' a ud vernuculite. Grim (UJ(i8)
Slll!;.W'sll' ll lh'it, 1.11<'ill it{'day minerals llilrl:r From wcll-ctystnllizcdmicas ill severa l
WIlY~ illd ud illp; I {'s.~.'r sllloslit lltioll or A {1+ fur sr- , ruudomncss in the atnck ing
of layl 'l',s ill t he r: direction , siz .' of ill i t.~ pa rt ides d e, TII{' s tructural for mula
is ( ()If) , K·1(.'''ili, AI~ ) AI.,o2 1 1 aml 1Ill' t lll'o rd in d <:IllllPUsil io ll is K 2() - 11.8 1;("
Hi()~ - ,I!i,:t%, AI~():1 - :\8..''i1Y.1,!II' ! /f 20 - ·lJi%,
111 I I' n ll s o r pru PN t i!'1Iimpurt.a n! to day liner pcrfonnancc, illite lies Iw l \\'I '.:n
ti ll' kauliuiu an d lillwditt: d ay mluorals. It s1101l 111 be noted t hat alt ho ug h ex ton-
sivp isu lliUTpllll1ls subst it.ut.ions render a lid nogativc charge Oil t h e day 1I1lrfil(:,~ ,
tllf' 1;":1'11potnssium ions in llllt e hillilllf:l' t,IIe' r h'1fg{'s a nd strongly hand ti l{' adja-
n 'nt l' lwt'ls toW'l l lf'r, Al' it 1"I'l'1I11 , illiu- has intermediate valu es for ~wd1ing ind ex ,
,\(' l,ivity, cation l' xr h.l11gi' rn pacify a nd a lso reaction to chcmir nls when compa red
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t o k~olini t(' and ~ 11l1,..tit e. T Ilt' potassium iU1\~ ('If''f l il'l' ly 1'1"l'1"' I1[ tlu- l1l11'ITa l;1
t.iou of water. nrg,lllil' liquids .lUll ot lu-r 1';11i"l1 ~ (lkl 'f 1'1 ill. OHHi). ,\ dStlfl' li llll i~
la rgely ronfhu-d (0 tln- I'XIN IWllll1il ~nrran' l ilYI 'f~ (AII,I" fSUIi , 'I ;11. In:' I ).
2 .2. 3 Sme ctite min eral s
S mecrito is rnlllpo~l'd orunits tnaok u p or silir'l ~ 1 1l ~·l s lI'i\.1I ;1 n'1I11';d o r l ;ll",
(Ifill ((Jibhsil.ll) slwd 1I~ SIIlII\'I1 Sr ll('111l11.il"ll1y i ll Fignn - 2 .:!, '1'111' sl1l1'd ill· m ill
orals may he divided into IWO ~fOIl I'S , 1 1i1 .~ I ' , 1 Oil I,hl' rOllllHlsiti"1I ..1'1110' lld.dll'
rltal shed . TIll' montmorillouites Ilavl"1 d ind i1lll'drnl , ' 11 11 lllillilllll·ll;ls,'d ud allO'
dra l slux-t, lind t,lle sapouut-s !L;l\·l' ,1 (riod ill ll'dfil l 1 1l<1 ~ lll"sill lll .loi1 sl",1 <". ("h " llt,,1
shed . Oil ly 1lI1l111 111<lri lio nit,(,. which is rouuuonly f"(l ud in soi ls, is d is" IISS1·,1 in
this sera.lou. TIll! theo retica l Icrmuln will lol1l, nl11s ir ll' r i ll~ lat t in ' S I II 's l i 1. 11 li'lI1 ~
is {OllhSiHIt/,,0 1(J,1I 1110 alllltl ll! 111(,(Jrd .if al r o t1l]J(Jsit.iu lI Wi!.lullI I III' il1t ,'ri <l.y,·r
l1I atl~ria l is ,c,'W1 - (i7% , 11110 :1-1H% 111111 111( ) - ;1% (Crim 1!lliX).
layers c<UIHing Ill/' l il l,t in ! In expand in tlu- t; diro'(:!ioll. T! I ' ~ " axis ,l irJl"IlSill ll
of emect.ite, is, t herefo re, 11"1. lixed . The IJllllclil\p; l",t w"'·11 1.11l' ~ l lf'ds is wl'lIk,
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G1lliWi ly fllr vchunr- I:liallgr:s, TIll' ililerlayl!r SIJilc:illg may vary frmn !J.riA(IA =
(l.l/IJ to ,:ollq lld .r!S!'l'ilril l ill!l, ,11<[ t .lrisre's" l',s ill till' h ir,h swelling ls-havionr and
high uetl vlt y of l , l ll '~ " d ill' miur-rnls. ~rll l'l:l ill's llilVf·I;,rgl' I'illion I'Xd lilllgl' CllPllci1.y
dlH' to il lid 'wW'f iv,! dlllrl;" ilrisi llJ; [rom i";orrmrl'lious subsli1.ut iolls. Dill' to tho
1M!!," 1I1'!!,ll tivl' dlil fW', sml·,:1.i1. '~s rnu n'llflily adsorb po lar mul posi1.ivdy charged
o rgaTlic sp , ·,:il·.~ Oil iJll.l~r1'L}'/ ~r surfaH'S, Exdlilllgt'ilhll' ('alioll~ occur between the-
sili/"ilj,(' luyers ,ITIII 111"r ;,xis tlhm-nsiou also varies with tIl<'si:w and geol11\'l ry of
orp;,ll1il' ' 1IUI(,I'ull'S (I'ill, may Ill' adsorbed. '[,hl'I'X l'ilIlSilll1 properties un- reversible.
11011'('\'('1', 11'1]('11 t Ill' st n wl.ufl' is l'om pldd}' ('0l1il)lSI~1 Ill' the removal of all 11 1'
ill l('r1al'l'r pol ar lrml''<:llh-s, r" ,,'xililllsi oll 1,,'('oIlWsvl,ry dilfit1l1L
Snll'c:li l l's swell fl' a dily ill wnter d1lt~ III hydration of illll 'r lay(~t euuons and
nelsurpt.iou of IImhipll' water lil.l"f'r~ on inl l'T'lay l'l" surfan's. ,\ lar ge degn'(~ of
s ll ri tlka~,' , ',111 III' I' xp,'d ('d wlu'l1 illt..,.lily,'r wnter is (1i.'1pllu'l,,1 by orgnuic fluids
IH 'fOl Il S" (l fl.lU' fff'I ' ~ \w·l1 ll f s l ll l 'cl i tf'ili water . It. i Sl'S I )('{:i ;I I1Y~( 'IlSi l, i\'el.()al1 f' r;lt i(l11
by d Wllli' ·'11 att.ack. Also. lI w ty pe o f rut.ion orl'upying the interlayer spa res
~ 11"0 1I~1 .\' iu [hU'lI<" l'S 11ll' behaviour of smectite. The Hlc).~1. commonl y O\:Cllrillg
inll'r!'l,1"l'r(',11iOlls ar t- smliU1l1 and rnk-hun. Limited s\\'dling ha s (well observed
with cah-iutnas the- inu-r layer cnfion, 1V11l'f(',1~. wlu-n sodium is l llP inl'lrlal'cr
l"il( i.. " . lIlPfI ' is high sl\"{'lli ug. SOIl1l'Iif1\l'S.lhe e1,lY oxpanda to la.Sl imes its fnll
Grim (1!16S) ~\lU""'h..llhill illw rl.l .w r s\, ;u'i llJ!; ill 1I1l11'l' I;l i,' day" ill.-r,·.' ''' ''' ;11'
did ed rk ccnst eut am i dipck- 111,'111,'11 ,,£1111' ;lC b'u r("..l llllid ilLt·ft·n",·. Sill...• wnn-r
ha...a high diT'I('("l ril ' t"O llllI'llIl, Illu"l Jlular ur~,,"i" l1 , l i s l'l a" i ll~ water \\",,111,1 I" ml ,,,
"il li st! ~hril1k."lp;" ,lilT'1011...·Tt·;, ,,,· ill inl' 'f!iI.\1'r "l'ad nK. If ,I... 1,,1.,1\,,,1,11111" u 'IIlolillS
ronsr a ur {no ,:ullsu li,lal iull).l h,· SI,rill"'I!!," uf 1';lrlid ,... 1" ;1l1s t" ;111 inn '·.I...· in II...
po re volume a\'aila hl,' fur l ilt' 1It11-,' uf tlu- urp;;llIi,' li'l ui,1 iIll,l may 1111IS1" iI,1 1"
all increase ill p"TlIl,·"llilil,y. A,,,II'n<tm l'I nl. ( I!I~ I ) 1"1111,'111,10..1 1h.,t i H l" r1il~', 'r
shrinkage, "\'(,11 just illullP; In r~, ' pm" willis. "0111,1(';111"" 01 :o; i ~n if inlU l illn " ilsl' ill
the p.'rnwah i1i1.y of /I rluy liner.
2.3 C lay - Che mi ca l In tera ct ions a ud Soil P e r-
m eability
Clay ill 1111' 1II(J!;1 i ll1lM.rl llul C-UI1lIMIlI,'ul of suil lill"f'I In'"u'".· 1110"d; ly fro,d i" l l .. r
the soil e-naurr-alow Ily.lntl,li,. o llllllll"t ivily. lIolY' ·w,,-. ro....·;u. !wr I"' \·.· fUll n , 1 111OI 1
clay liners typic-ally "SI',I ill l;lIIdlill" lI1ily hI : vu lm·rilh l.· Iu II " If,..-, uf ...·Il ..ill
chemicals which n '1I IlItJllify 1:IIIIJl11I:1I..1 day 1I0i l" of low Iwnllt' i1('i1iLy n ' II< I " ri ll ~
t he m highly ]lC'rl l1l·IlMI' . (1o lcll ll;, 11 1'1 ill. {l mUl "' II!J.\,'St 1.11'11 dli l" /'," ~ ill 1111 '
p, ~ r1J ll'a hili ly of d ay "ll i l.~ ( I II ' ~ 1" rl ll'mi"HI illt "l'itd i,, " ~ may 1",,,"11, frOIU
'"
• AI1 I ' ra l,julI~ in soil fah rit: rllll: 10 dll'm iGJI influonco s 011 tho d iffuse double
• ll isso llll ilHl of so j]f :u lIsl illw Jlt s hy st rong ,Il;ifls (IT bases.
• 1'1'f'(:ipil il1.ioJl of solids in suil PlJl'I~ ,
• Sui I pun: hlrll'kaW: due tu till' grow th of Illicroorgilll isrlls .
Any dIi UlW' illllll' wat er cont ent of It day mim-r al is likely to Glll Sl' r hangl's in
lltl' hydraulic rondur-t.ivity of t he m at e ria l. 'I'his m il,\' 1)(' fhl/' tn I Ill' d isp la cl'l11Clll .
I'XLl",ld io li o r Tl~pl nn'IJ Jt:ll 1. of water from 1,111: iutcrlayer SP,ICI'S by organk fluids. A
over nll III'rn ll'a h ili1.y of day.
<:.'i llill d al. ( 1!J7(i) evaluated the po Le ntia ! of d ay minerals for atl.l~n llat i l1g
Ihl ' VilriollS d ll' llIira l nll1 s l.i ll Wlll ,~ o f lnndfillk-achatc hy plissing lcachau-t hrough
l'l!to ral.ury rolumns l'o lll., illinp; mix tures of rnlcium saturated days and washed
qllarl,~ sa nd . T Ilt'.\' eoncludcd that af.tcuuatiou was a function of ti ll' C<l1. ioll
Exdlllll,:!;l' Cnp ,lri ly (CEC) of I,ll(' clay mineral, t ilt' initial exchangeable ca t ions
0111111' day, 1-Ill' l:helll inl ! rompoaiti on o f ti ll ! ll:.u:ha l.e a nd l!le pll o f t.he leneh a tc.
l' ll ~l' h (1 ! )8~) i H \'t'S I,i~il l l'(lll\(' IISI! o f sodiumhr-ntonite as l he .tcl ive component
o f t'lI!!:illl't'l"t't1 ha rrit'r s for dis posa l o l rndionct ive wastes lrom nnclear rea cto rs. Il l'
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sclf-hcaliug abilir y throug h l<wdliu!l:_ ' l 'hl'M'l ll'lllll' rl il'~ nn- ;.l lr i lll l l l'l ! I II 111i ll" l';11
water iutcractions tlmt yid d a nue-rostnu-furul pill l'-l'1Iwith \"\'[.\'lI;IITU\' pa~~a~t's
and a 1011' average mobilitv of inl"Tparl lch- water I1Itlll "' ul,'~ ilt h i~I I hulk . 1" lI ~ i 1 i,'S,
t\ number of s t , ll d il'~ han ' t's1;lhl;sllt'd t ilt' impurtnm-r- orsoil l'on - 1I11i,l d l 'r l r;
fill charncn-ristks ill ddl'r1l lill;lIP;tlu-l, rt ~i l ll't' ri ll V; Ilropl'rt i.,s of l i l1 l · - I!. l'; l i 1H ~ l Stlib.
Dlcloctric ronstuut of 11)(' Iluid S.~ -lII S 10 pl'l)' ,111 i1ll1'0r1illit wh ' in "<tllsilll!. dlill ll!.l'S
tlw th ickue ss or the donbll ~ l ilyt' r ; ~ giv l' lI hy p 'IiI.-11t'11 n ll (i) :
I [IUIJ IJ'J'] 11'1
Ii "" 1110f,1 /,l
whl're
1/ is 11w I h i fk ll l -S.~ orthe diffus,- dUllhl,- 1<1)"'-1
10 is t.lrepcnnitf.ivity of vacumn {KS!i'12 x IWI 'l ( :l .) --1 IIt · I )
/) is the d id l~d. rk rcnstuut of tln- nu-dium
T is1.ln- It'lJl lwril1.Url, [OK]
v is tilt' nit inn \'i11t~1 1 ro
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(:!, I )
""i ~ r<"l il ljoll~lr jl ' , I,,,,,... I lr...t , \\-Iwil " I III-f far:'ufs "f" 1I"',ll'ollsl"rrl. I I ,,~ .1011"1,'
'"p'f lil i,-klJl~~ , ·.. f i. ...in\" 'r~d)' with tIll' , ...I'·lw" a llli ~C/ Il 'u, ' ruo l of r-om-cut r.. rlon
iflll i ,l in ·... I)· wi ll. 1Ill' ~lfl"ff' runt uf tllf' ,lil'lc....l r ic· ,-o Hst lllll and I'·IliIK·,."llItI·_
h ·rn.' Il,I"" a llli Q" i"I,')' (J!IS-ij .."nd",I,·_nn II... J JO\~ i~ "f II ... ( :011)'-(, 11" 1'111 01 11
11.. ~,r~· i, /I, l u lin . "' l r ud nr .· .. llill)·si1< ~l1J, l i."S . lli ill [ur il "i\""11 vuid rano. high 1"'''-
1ll";lhili l y v..hu "S itn' .lin-rt I)' n ·I;lh'fl I " lo\\' d i.·I''f' ltk f'UIISliCUl s o r IIll' IMIT{' Iluhl.
I I'i Wl i ll ll ,I urill g lII i x i l lg. ;l1ul Ionmuion of llol'(:s 01" Ill' d s wit Ii h llgl ~ llHllTll l,o n 's i ll
1 " ' 111" ~ '11 11ll' 1J1 . r >i " I I ~ 'l r ir eon-r unt illlf l fUl I<lIIf"l i l·i l .\· n 'sp fllll<l' II'C'f{' fUll11l1 10 I,,·
i l illur'l w "r l ill if sig lli li'·.llll \\' il.l" by <'I" r trJJ{' and ;t ll lUUI II , wntcr ("{JII II' nl . jlilrl i<'!I'
u ri" lIl a l iun it1< \\",/1i l._ , ·I,,,·l ru l)·I'· Iy!"" ilmuu nl illld nmn·nl ral iull.
C Ia)' Jim'r I't' r llit·..I,ilitic'!f M ,' typin llly . 11·1f ·tll1illl'flll~iIlA rc'!Al i\'dy p url' wah' r
if!'> I Ill' 1.·....lIi,II ·. III nllllrtl~ I ,tlll ·ilrlllill lc·iH·hilll "!OIl,I·llf·tiI lf,,1 ill illtlusl ri.. llouullill!'>
arr- r"m" li};,·I.'· I.. 1M' I'itl "' f hiAhly "Uulillllillillt'fl wain ur.1 mixture o r Ofll;allir
illl il illu rgilllir li' l lli<ls n ·I.·....... J 1..1" thr- , li1< I'{JS("(1 "' It!'h' ( '\ll. Il'l"ion I!IH2)_ \ VI(('n '
will" r is I I... lK'rn " ·itlll . M'\"'r;, 1 r".-lor~ 1 1 ,, \·c· I " 'l~ " i, lc'lIl ifil'l l t " tlt ~trllllp;l)' a fTc....1
t lu- IH'rl!ll'ithi lit y o f d lly-rkh 1<uik E:rilin si z~. r..bric o r arrang ement or pa nicles ,
r]..~ft'l ,,,r 1<<ltUl"illiUII. \'o irl nuio, ,·lr'f·lrolyll 'l :on Cl' lll ra ti " II, eomposit.iou andnature
of i"l ~ll1"h''l1 " 'l ti llll 1< und oxt r-r ual Im 'S1< \ln ' (:\Iitd wll Hli fi).
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ing wat er rcnt r-nt , dq ; I"t" , of sill u ra l ion . 1L U'l lmd nf I'om pi"' l ion. "Otll pM l ilT .-ir" l'l ,
hv.lroulic gr adient, SIZI' of d n,l' d uds, IIISInlunion of I'url' SIZ,'S, rhl"tl isl f~' of 11"1"
meant [iqujd , ilg,' of the t{'sl s ll1'l"illll 'll. alltl " " Id ritl lu (llu.I'1l1ollaIHI I) illl i"I I \IS;I) ,
Also . f'OlllpllClpd dil y so ils elton havo pl'fl \wahilil y l'i1IIL" S IOWl 'r t.hau tn-" I"Ill/ S.
I'ml it 11111)' hI"' 1H""' ssar y 10 pa ss it pon- I'Ulll l1ll' o f wnn-r 11lrull,!!,h u suil lll'f" n' a
s la bll~ lmsdi lH' IH'rll l" ilhl lity valu.- is " l)!ai m'II, ,\ fl ,'r ,'sl i, l, llsllllll-\111" 1 " 'l'l1 11 'il l l i l i l ~ '
hasuline, t he pass ilg,' o r ill. It'ilSt. a 1101"" \'" lulllp o f tl l"/!;i lllit" h 's t Huid mil,\' Ill' n, '!"
or 111,' r mll pilrtl',1 ~o i 1.
III I II I"' {'iISf~ of day -rid l soils with I1tp lt ~HI1< 11 111' 11'< ilS Iwrtlll'iwl s , IIII' 1" 1",1 of
dis solvedmaterial is us nully low HII, I ,lol's not IlIilll' l"iitily d lall,!!," !.Ill'P I'''J U'l 1i l~
of the 1I11I,l from l h,ll , of pun' wnter . FUl' pcruu-ntiou Will. "t' j.!,llll it' f1l1i, I1<, 1.1 11'
propcrfics of tln: pure fluids, t ilt, r-hmuiru] illI,1 1ll11lI'rillop;I"iti rumpo1<il,IOII"r 1.111'
soi l Mill lI w IIlll Ul'(' o f till' ad so rpt ioll of l ilt' 1''' 1"1 11 ' '11 111. by II... so il I'ilrt id.,s urr-
potentially im]lOr1.illil Factors (Blltlllll <'1 1'1. I!'~II )
l'I'!itch e ll alll l Madsell ( I!JK7) lisL l , h, ~ 1H"s l iHlllHrlilll1 Farturs t haI. l'U1I1 1" l tlll'
illflllmlfl 'S of orgllllk (:hf~llli':il b Oil d ill ' hydr a llrir nJll dlldi" il.y , Tl lI"<" illlilld. '
water solubility, , li{ ~l('c1. rk cons tant, po la t'ily or " it , or tl,illli, ' li1llli,1 <lltd wllt,t !!!'1
t lll ~ d ay is exposed t tl 1l 1'~ pun' flr~;uli (: or iI ,IifHh ~ ,mlilliu/I, TII" Y ~ 'I .l!,W '~' 1.)1;,1
ill allllnst 0111 c:a~~ , p1lTl urAa"ir. li'lu icls inter act adversely witll d ay s by ca llsing
1<111111' sh ri llka~I' 0l1l.1 <:r",·killf;. wi th concu rrent lar ge incroases III hydrali lk COII-
,11I,:t ivity. Orp,1lJlin ; i llh~rad wit h dilYs hy inll'rrAli1lioll. adsoflltiu ll cu Ilicrtic1..
slIrfOln'S a.,,1 iUII "Kd 'illig" (I...p;...I)' I!JIYI). l utcrc ala tiou ill\,oh ...,; t he cntey of Of-
A;lIlk 1III>I''':lIlc""''''I\vI''' 1Is ilkat!' lilyt'(1i. Ily rlrclllllObk orga lliOllllay 11. 1'+..1 adsu rh tn
tl lf~ day lIIirlc'fill J> lIrran"', 1\ , I~)f I'Lioll of Ofgank compouuds 011 d ay sllrfa<:cs ill
ilIl" I"JlIS syslf' lIlJ> , lc 'I'. 'rll l.~ IHI ti ll' al'ailahl c' I'Urfilf:I' /luc! t.111· ability of \11 ' orga nil'
IIlul'" :III,,s In llisplill'l' \.111' wun-r moler-uh-s ( ~' 1 i l d l l'" 1!I7G), At t ra ction of l arp;( ~
Ill'l-vulil: 1II111r'1:III 's I II d el)' slll'filCl!S hy ViIl1 der WallIs ron :,'s m ay coul.rihute 1,0 the
lo!.ill ;11110 11111."f orp;alli('s Iwlll ( H/lIlSsd l.CololII a nd SNrll lu s/I l!J87 ) ,
Fc'mal l/Ie!;.. 011111 Qllip;lc'y ( Will'!)sll(J\'I'.lt llat wat er soluh le orga nic lillUids 1Il1ly
11r1l11l;atic'al1y illl'rC'ils(' ti ll' hydra ulir rtlilclurlivil)' of water satu rate d clayey soils.
tlu", ,lc'Sl ruyinJi: 1I1l'ir c · rrC 'f:ll ve 'n~ l'iS l><l rri,'"" for nllltl'llllilll'1uls. Di ffu~' du uhl..
layr-r n mlra ,'liou 111 n Jl1l< lanl veld ratio WitS i,llllllifin:1 itS it prima ry njechanisru
ror Slid. hl("fl'as.~ ill h;)'(lraulic:conductivity. 1I0wc' \"('T, t hey also fou nd lhatlh~
in<"fl'al<t'tl \'isl'osi ly IIf solutio us of !IOlIIe orga llir:s ill water results in sig llificanl
,h"'TI'as,.,. in h)' llfil11lic eouduc rivity, I' udllll l'l al. ( 1991) cond ucted permeability
lIosls lIsi l1~ a l'Ullsulillm l\c:h'r Oil kHOlil1ih ' . monl llKlrillolli \.c and a clay- rich sflil
lISill~ a \·;lril'I.,\' (lr III"l;llnic: [Il1i,l< ami wau-r Ill< Jlf!rml ~llll l s, They proposed an
('XI1UIIl'11\.i;11 cquat ion \.hat can 1)(' used to pred ict till! permeability or soils for
"r~a lJk dll' lUit'ilts nslug l ltl' mea sured pe rmeabili ty for t he soil wit.lr water .
Severa l inVl':<liga lf)l1' (~h"l'ri ilud Olstlll 1!lil : S,"hriUlIlIl I! ISI : ( :[<'t... ,'1 il l.
1983: Bro wn et ,11. I!ISI: {:i 11il:illl aml {'1"IIl''l I' '' ' I! I:' I : AI1.I "n;( ,n '" OIl. I!l:' !". :
U p pot and St cplu-usen ! !)S!I} hevc rc1KK"lt'tl JIll ;:"To·a,..· i n th .. 1,,·rtI l1'ill,ilily o r
d ay ridl soi l!. wln-u ",llumh' c1with p ur.' r"I\~" 1l 1 ~Tll , I.· ....~i'll ' it- lIui.1 it " •· .. ml'ilr .'tl
to sal ut a t ion wit h water,
(J1111ll1 an d !'itc ~p llC'llsnn ( I !IS!l) sl lJ(li,'tI I I",,·frl't·t fira ... ·ti<-"d t! . ;onilil1' ·. lIh·tl ,a n"l
a ud xyleuc on lllilgn" ,.inll1 Il\U l llmuri ll.,n ilc' ;111, 1 k;,nli ui l' ·. lntlu- ,',Ist'" I' 1 11<'11111111 ·
Tlloril1on;t.e, I,hey Ioundl.ha L metha nol dUllhll'11 1I11 ' I" 'nlll'i,h ili ly iHI.l ill" ,ti.· ,1"; .1
tripled the penuee bility IltlC:III its reucliou witIi 1111' . 'a rhnna !.· ". l i l ll ' r i l l i ll ~ <',II
bon dioxide. Th,,)' l"/'I'urt that auililll' ,11111 :"yll'lw dll not IIUI\' 111l1,t1$!.h ,,;,llIral. '.1
montmo nlloniu- bnt nlm'l lJrnugh "a l ur"t l..1 k".,lillilt· ;,1, re-e lun .. 1 11,,\\, r .. Ie'S. '1'1",,\'
COl1dllll('IIIi,liftl"' '' I" 't"in l' '1I is !l,, L saturat . ..1 ,lutil 'V.IH'fnlt'a l.iosu, I I"·I I.illlmis,-i ,
bh· nui.b C.lll l'"r m"All' lI,r uugll thr-a ir \1.i.b inthe- SIH,,·illl.·t1. LI "'f< ~'Y r,1·t...ra t iIlA
chemical rcacuo n» wilhin l ilt>:-11I..-im en.
below whidl llrga n ic: d lC'mirab IIIl flu l il lt " r I III' hytl r;lltl ;.- "' >llltu'livily nf n " ,, ·
p a r-let! d a y an d t1lll rl~sul l ,. of tln- illvt"StigOltilJll sl"I\\'.:<1IIlill . Iil " k "rv.iluit' 1'111 '111
lcels (11'Ss than 80% loy volume ill ,HI ,1f11l1"'" S sulilti ll ll) hnvn li u lr· d rl ·, '1.uu l' la y
hyd ra ulic cUlllud iv ity (Bro wlI l't, a l. I ~J,lj 1 ; AI:i1 r 1'1 ill. I!JS:. ; !l() w,] . ~ rs , oj u].
It is , tl l!' l'( ~ rcm', ill lp Or1.aul to illllir:i p aU! the kiwi and quality of leachate a si t e
will g<'III ~l"it l , l ! and~:lc'd t ill ! liJWf matl'r ill l ilC:I:orcl iu~l y.
lhlwclc'fsl't nl. ( I !IRfi) have c~\'Oll llal,(!11 tlw "Sf' of sui l index test s to pr- edict tho
poL I'Jllin! for a II:itc:!l Il1..e 1.0 react with iI d ay liner. Ti lt ! index t esls inve stigated
ill l : ludl ' At.l.f·rlJl'fA li" ,ils [I'sls aile! s c~di trlC'll tat i uJi ana ly sl'S. I·...nr iu:iclic" \ l'aclia h!,
so lu bility t.c·sls liilVC' " Isu lIec' ll recommended. Such l.(!st s prov ide a »imple, Fast
a nd l'mnomic"al lrll',ll ISfur I' rt ' \illlillilfy srTI~'ll i ll ,l; ofit \l'i\(, hal,,/soi lmrnlJ iliat ioll t o
dl'l ,' rlll i lU' if t.!u'rl,is sig nifi" llIIl llukll1.i ll l for th, : ie'lcha t.(' tcI 11lrr!c t thl: pc f uwahili t y
of l.lll'lilll'r.
2.4 I ntrinsic Permea bility Measurements
T his sc'dioll c1isl 'IIM;('S I,hl' l'lf('{:I or va rious pa rameters such as, type or perm o-
IlIlldl'f, bac-kpressure sntura ticn iUHI h ydraulic gfadient OH hydra uJicro n d ud ivi ty
nn-asun-nu-nt s. SOliI<' of Ihe <:ri!c'ria 10 he satis~ed hllfort! the fu:rulf'ah i lity test s
fi lii Ill' II'rlllillllll 'c! <11'1' also diseusscd ill some detail.
2fi
2.4. 1 Effe ct of P ermeamerer Typ e
Pcrtl\('alJility cell s 111010known as pcrnu-auu-trrs a n- IISt ...l t o l'mln' lt ,· t l1l' .. flors
of wa ste-soil i n teraction s 011 t ilt, h,n lrn u lir flllIdurlil'ity uf s oils. A I'ari",.\' ol
hydra ulic conductivity CI'lIs an ~ '\\"lil ahlc' fur 1 "sl il1~ ~oil .... S"I'pl'n l ~t l lll i . ·s havr-
~howTl t.lu t la rge' dil rl'l"('l1n'.<;11lI H'a ~\ln 'd " Yllrmlli l ' I'oll. hll' l ;I'il.\' v•.I ll1'Sl 'll " "('1"111
l lcp'~lI d illg (Ill t.lu-typt ' of !Wrllle'Hllwh 'r lIs.·d ill I ll<' 1l'.<1('\ " lIr l'l ;11. 1!llI;l; F"L" 'lI1il li
and Daniel 198 (j ), TILl' pl 'rllll'ilh iiilyn'lls ilia)' he' hru,ull,\' d"ssi[;.'d illll>riv;i,l Willi
w lh an d IIcx i hl(~ wallcolls .
T he ml;irl \Vall I'prm" ;L1 llt ~\(' r (II\VI') is 1.111' sitllpl!'s\. 011111 m os t. "["(Jll o l tl il"itl
device ,lvaililh ll' fur lab 1i~ I;llg o r I'U111 p iH:ll'Il rI'I.V~alll p l t ,s. T!le'M' l' " n ll t ';1I1IPh'rs
rollsist of 11 -igid t ' i1w o r box I,!l " t eontulus lIw sp,'rillit'li III I", 1" ·l"nll',t\l" 1. '1'111'
permeating liq uid llows nlong t.l.o axis o f 11,<, \.t's t slwril1ll'lI. T he' .1is,ulw lI ll;'I!."s
of the BWI' arc that complete suturaticn (If l , h(~ vuid SIIilH'Sill t Ill' r1"y s ,ulIpll'
is difficult, I.h(:n ' is ordina rily lIO IIIt' llllS of lIH'iLS tl ri lig I Ill' autonnt cf ~ lir i l 1 ka l!." ur
swclllug that miglu l. akl~ pl"':l' within l,lll' so;1 S;lIl1pll', ;11111 th"H' i~ iI pOl,'"lii,l
for »idewall Icakage (HllWlil-rs d ill. 1!)X(ij. Alsu, IlW P may uV"t' -I'SI,illl i.!.I'I.Iw
hulk hydrau lic couducl.ivity valuo s Wl ll~ II,:vl' r t1Wtl' j .~ s h r i n k; l l;l~ a m i n ac kill l!.fir
the specime n due to clny-dmmical iutc ructions . II. is, huwever, \' l 'ty wi'll sll il, ~ 1
foequ ahutivo detonninution of whethe-r or IIUt. illlVl'rs'~ iU1.C'tlidiol lS "x i.~l 1... t.wo-n
till' clays and the selected clll:lI1il:"ls. Bl ~!;('an:h illtli.:ll1..,s tha t n~s lJ l1.~ ft'OI/l ril;id
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wa ll r:tIlIlp adillll mold n~ l1 s c;or llpiln ~ wd lwitll resu lts from fiel d tests Oil proto -
' YI'" lilll' rs sur.jpc:ll ,d tn rdat ivd r low overb ur den pn~ssn re' and Jlc ~ rmealc~d with
I :Cl l l n ~ut r il tf', 1 lJl!\lllIi, ' snivel ll.s [Hrcw n and Andersen I llS:I).
III tIl<' f: ' 1Sf:lIf 1 1 ,~xjhlr' wall pl'rlIleallll'l l'ls ( FW P ), t h e t , ~st. specimen is confined
w ith ]lnrnllS .lisks an d t-nt] r:a ps un t lll' ll!p a nd bot to m andhy a llexihle ment-
h r il lll' 011 tllI' sid.'s. tllld isl.url u:d Sil lll p\,:S Gill hl~ I'ilsily If'N\I~c l i ll \.'WI' heca us e'
miuiural tr imming is n:<1I1i1'C,d iI\\cl ir r eg ulur sllrfiln~s 1:1\n l u~ "i\si ly ilITo ll IUlla",:d.
T I Il ~ d lillll"C'S uf sidc-wull h'llk'l ge an- 1I111('h ,",'dun'd. Some- clisitclvalll ;t~es a.n: a sig -
Il i l i f'l IUl.I) ' I l i ~l ll'r ('()s l. t han ot.hurtype-s Ofjll'l" llIl'lllllf'l.l' f.S, possihi li t yof 1,I IC' n,:>:;lIlp
un-mtuano I mi tl~, ks t l"f)Yf'd dUI : IIId WllI inri reaction. andalso diffusion o f organ ic
liq u ids Ih roll~h lilt:mcmbruue-. Alsn, in rlml,rilst to the r-igid Willi type, F \-\lll l}'p-
ind l)' t..l'II " 1,0 IlJl( Il' rc'slimalc~ t Ill' h ulk hydraulic r.ondu C:1. ivil)' val l 11~s. T h i ~ may
lw di ll' 1.0 ti ll' lalr ril l ("(lII fini llg Il f ''lIS II I"C'which pre'vl'nls cr acks From ope n ing.
FUI'l'1l1iI1l mid l) a l l;,'l (l !JtH, !!)86 ) , using methanol as a pcrmcant fluid iu
l'u llsuli<l,ll icH! ("f'1\, f1 c ~ ,, ; I ) ll~ IVaII anrl c:orn padioti- lIIol,1 pcr meamctcrs, ~l low(:d lhat
I ll<' ]Il'rllll' ilhilitil ':l ill t.he CI)JllPilf.lioll-lllllld t!c' v ic:c's wort- Ill1lrll h iglwr t ha n in lh c'
Il<'xi bll' wid l c!P\'k c' . T Ilt' ll ifr(' n~ll\'1~ wa s atwibuted to s i d(~wil ll l (,fl. kagc' nne! a lower
l'lr" c l i,'c' st n 'ss ill t.lu- «nupactiou-rucld IIC~r IlWilll ll'l en. Brlll \f~ II l' d n}. (1!1l\7)
sl ll dil 'r! t ln- ,'If,'ct of pn llU' il ll Wll'r typo 011 hydraulic f.o lldud iv ity of it. lIi1tl\t<l1
rl a r lim-r material Ils illg leachate fro m an a ct ive: landfill . Comparat.ive res ts
were cond ucted lI 11 i n ~ nl·xih lt· I\'all pt1"II11·ill lu..t'r . n oml...li,I,,1tou n 'lI l"'rm";ll ll <"1'"
anrl doub le ring n"IlIIi,,"lioll 'll1nl,! Iwnl1'·,ll1k·lI,..,. ill " Il.I',lm llli,· ~r" . l i c·1I 1 "f lllll.
AJ;ain. pC"rml'ahilil il':li ll til<' li:'u..1 wallIN'rlllt'ilIlM'I" r ll 1\l' W rl· I'" ,II ..1 ,,, I"· lli,:.III'f
t.hau ill t !Jcllt 'xihlc ' .·a l1' !l· ,,·i,-e. ll uw,·wf. B\l~' n lo ", a n,1nalli.·1 ( I !~"',) wi,,, fa rrh ..1
o ur the h yclrilulic ("CllJlllrl i",it}'I\ 'S' S 'H' L,Ulillill' ilml lin-"llIy l1"ill,. IIo.· ",ull" 1h rn '
I.YIM~ o f 1" 't1ll1·all w h"fl;. r,· porlc..l t hi ,' whilt" 11)',lf;11I Iic' n, rlOlud h'il ~' ,li, 1 \"a'.\' l n llil
' III' ·llI-·rllll·'lIlll'1 ,·rtuillltlt llC'f.l h,· tYI'I·llf' ''·TlII'·ill'' '·11,t ,litll11III l;t\·t·,.I'Ir,.p .. lr,,,·1
0 11 l ire m easured hy,l ra\lli t ~ c'llrllllld i\·ily.
2.4. 2 Effect of Ba ekpreasur e and Hydrauli c GI'adicllt
s ured pCTIlk'ahilil} ' \'aluc'S (~l i lrllf'lI ,1-al. I!J(....,) . lI,lfk llrt'SSIII" ";111 I..· 11", .. 1 ,,,
help saturate tllC' seJiI fully illUlll) d il1lillil\(' ;1lI)' K;al'l Il.a11l1ip,hl lo·11f 1 til Tf':l llh, ill
vrry low pmllC'abilily vilh u'!l (Ila n id d. ill. 1!1iYI ).
Tho err.ct of ill']lli,..1 hytifilllli(' ,e;T,ulic'lIt ,111,1 1.1" . ;lloo-" ,, ·i iol ,..l ~1 r<'Sloo ~·~..·b "II
t he IIWa S'In·IIM·nl. of till' hy, lrilulic' f'(l11l11l'" ivity " f "..iINIlilV., 1 1f ~ 'n w i.ld )' ill v,-s
tigill.l..1 (Ol~nll il l ifl Daniel I!J81; 1'10 )'111011 uur] 1)1.ll i.-1 I!IK."i ; Etlil ;lI ,,1 Erkkl"' 11
]H8.i; ( :arpf~lIll 'r and StI 'p IWIl :;1I11 l !lKli). '1'111' dr.-d,l' IIf1r)'llri ' 111it: ~t", l il 'lI l 11 11 HI!'
pcme ab ility uf t hn..~ da y lIuilNII}xyl"lll ~ .1111 1ilt'l'l fill,' IV,,:; i IlVf -N li~i1" 'd I.y ll rulV lI
ot al. ( I mH). They (lJII l'lude Ihal. l .ytl fall li ,~ ~ril'[ il: r ' IN IIf.tl , !Jl , illl.1 l lil ,li,1 111,1
O lsull ;,.11<1 D~ lI id (l lJIB) fo ulld t h a t l~xwssivdy l arg~ hyd r a ulir. gr a d ients rn a)'
ros nlt ill I'i p i ll~ unrlmigrat.Ion el soi l particles which 1Jl1ly caUSI~ 11 decrease in hy-
oIn ll llk ,:o lldudiv i t.y ,IIlI' 1,1) d OMin g or sui! pores. Silln' reln f.ivcly lo w hydra ulic
J!,riU li' ~ll t s "rI' e 'x p ' :' : lJ~ 1 ill t ill: lidd , 1.1n' d r" f:! 1)(ele vated hydraulic gr;..lieut.s ill
t i ll' luhorntory is 1 I n fUm« ~ rvali v(~ [S hnckelfo rd I!J!H),
2 .4,3 Criteria for Concluding a Test
IIl l'ahilil,y ro'silltin g rl1llll t he intera ct.lou of t.he dwmie1l1with 1.l n~ d a y have' \-" ' (:11
u hse'f\'(' d. 'I'll sa1.is fy this co ndition , cOll1pilt.ihility tests shuu td he~ con c luded only
if Ilwslo p!' ' If the Iwrnwah ilit,ywr sus t ime CI1t\'!~ do es not va ry siguiflcuntly From
flll ;,1 hil~ passl~ l t-Im lllgli thr- dny. III order t o satisfy both t.he ahovo ,~ond i t i o l1 s ,
it. is 1l1:,"O'ssa ry It> dl'll :rmin, : t ill'c h e mistry o f both t.heillfluellt.aud .:H1m~ n t allt l
to report 1.111' 1I\11111wr llf po re volum es l hrou g ll sam p les as well as rca ! tiJlw t .aken
:\0
Chapter 3
Materials and Methods
A dotailud 'K COl111 1, or 1.Iw llI al l'r ii l b <li lt ! I'XIlO'l'i ulI'll t at pron·,llIn' s liS. ,oj i ll th is
;n v('sligilt io !l is pr ov ided ill this d lilpl.(·r, ("(JlI si st i ll~ or lil-" SI',"l i" I1S. TI ll' lirsl
t wo s ections inLfmlllre 11[(' d aS IIlat( ~rial s sd "dl' d ill t his st lldy . 1.11<' WOlS llns rur
t.h e ir select.ion Mid a lisLing or rl']"Vil l ll. l,hysinl·d ll'll li n ll pro] l l 'lt iIOS. Sl'c"l,il ' l l lb w<'
describes ti ll' preliminary \.t'sls 11oll( ~ in order III detcrmim- tlll' ind,' s I'rOpl'l"n,·,;
,'111<1 phyxic o-chcmicel propurf.ics or te st clays. 1';lluiprrwlIl,,ll'sij!,11 il1ll1Iwrr lll';,loilil,y
I.e-sting pr ocedures and ra 1c:ulaliulis a l'l' ,lis'" lIssl"[ ;,1 1""1\111 ill t i ll ' Iourth ".,<,n.m .
micrcfahr-ic o r days when (~ X rlll-;,! , 1 to ks1. liq lli.1,;is J!;i VI'JI ill l'wdiull liv e-.
T a blr' a . l : I(d llva lll Physica l ami Chemical I' rop(:rti l:!lof Te st Pcrmuant s
' [b t Li q llill ,\ IW WS VI' V SG DC I)jI, f S'/'
Acdic 'i\ c:id fm.OT> oc [ 1.8 1.1fi 1.0.; n.w 1.7,1 28.80
,\n,tnm' mW!J cc ItH.S O.:H .7!l 20.7 2.83 2:1.70
Alli li lw !l:1.I:1 :l6.0 0.1 '-' 1.02 n.S!) i.sa '12.90
(: ' l rllllll 'J(~1.rad Illricll: /1'i:l .SI :1.-1. 0 !1O.O 0.!17 1..';9 2.24 0.0 26.95
!vIf,t llilliu l :12.0.1 co !m.o 0.55 0.7!Jf; :tU;;1 1.7 22 .6 1
'J'r id lloroc' I,]ly ll'I/(' ]:JJ.:JtI 0.001 GO.D OJ;] 1.,J7 3.'12 0.8 1
Xylene ]OH. l tl 0.2 10.0 0.8] 0.87 2.27 0.0 28.:17
Wat.I·!" 18.0 1.0 a.S!) 0.!198 80.'1 1.89 72.75
S" u rr ,,: Wr.n....t . eli{: ll mulh cl<lk of C lwmi/il,ry nml I' hysi u , J9ir,
M\V=~I"h'rll l ar .....eight (R). WS=Wnlr.r Soluhilily (~/l , l , VI'=Vn!10r I'r""-~lI r(' {Ioar),
V= Villn ",ity (rp). SG=S p"d lir (; ravity (M em:!). l)C=I )~'l er l ri r COllSI.;\nl , DM= Dil'ole Mo-
IIn'lIt {,Io,J,y.·...) . ST=SlI rfnre'l\'llsion (llyn/em)
3 .1 Permeants U sed
SC'H'll orga llie pcnueants wen' UII( '(I for rond lldillg clay-Icache t o eompatibillt y
It'st illg wit h rl's lwd In dlll11gl'S in hyd raulic prope r t ies and mic rost r uct ure of
i'l l'1 I'I' I I~ 1 t:1ily mint'ri lls. Thes e fluids m ay he broadly categorized into aci dic, basic .
ncut rill polar ami ne utral nonpolar t YJlI'S of f1nids. Ta ble 3. 1 gives a list ing of
The Td CTctWI' pc rrneant was disl illl'll water. l' n-vious slull il'li (All lk rsllli I'l OI L
I[lSI) have found distllledwater 10 Ill' rtllll linli hll' wil h test lillils illiel nISi', it II" ,,;;
I10t cause any liign ifka1l1, chaug(' ill j.lu- clu-mlca l mak"- llj! or d a"\",
Acet ic ar iel is i l l";lTh o x y li r acid, ;l!Ic! illlil ;II I' is ,Ill ilTll lll alil' ll111i lW 111<11 rl'l' rt'
lil'nls organic h;ISI~S . Two tlilfl'rt'1l1 IWlItr;lI 1'1)Ii1r liqlli(\s 1\ 'I ' rt' SI'kl'!.pe\ · llwl11illl01
ls a ncut ral pola r I\kn!lo! whi\I' ;U:I'tOlll' ill II Ill'lltrn l pol;lr kr-toru-. N" l1l ml nOlll'0
lar fluids selected include Xyll~lW, all alkyl lwlI"I,C'lI(' ;\1,,\ rhlul'ill;\l.c',l hy d rtln ld m lls,
carbon tet rachloride (e TC) nndtrlchloroot hylcnr- (' I' (~ I':) . ;\ 11l11e'1" ' r11Il';llll-s SC'-
infinitely so lub le ill water . C:ar!>u1J !.c't nJChlo rillc' il ll(1 anililH' HI'{'s]lilr il1l-\ly se,ll ll ,ll'
ill wate r while lrkhlorodhylPlIl: il11l1 xylene are a ll1111s1 illll l1isdblc- with wutr-r.
TI1CSf: p c r Hlt:lln t s were ChOSf:lI he'('IUlSI' thr- y iH I' Tt'prf';;"IlI",I,ivl' of Iluhls Itllv i rll-\
a wide r unge of didl:clr ic COUSlill1ls am i llfl llf'fIllS sOllltili1.il':'i, Hlld nn- '"lHlIllI tllI
ro nstitueut.s or 1 {~ndll\le front hil~ ar,llllls wm.l,' landfills .
3 .2 C lay Mater ial
3 .2 .1 Ori g in a ud Ty pe o f Clays Stud ied
Th r' ~ , " Y l" ·~ uf d ays, vlx. k<lo!in it (" illill' and 1'< III1'I'Iik Wl'rl' 11, (" [ i ll this invcs
l. j ~i11 i u li . ' I'lu-y an ' rl,rl'tI"r'lllu , IS kaolinit", i ll i l " nud slIwcli , ,' ~ f:mrl l ill!!; 10 ' heir
rIlOlju l'n ll l sl il lll'I IL
Tr l' in ll kaolill i1l' hill' 1" '(' 11 d"snihl'fl ill S('d lUIi :1.1.1. It is sl nhl,' WIWIlI'xp osed
1o iwids o r hi!!;!1' .. mperat.urecnv jrontuenls (MWO( :) ilS, "nin pa n ·,llo sll11·("t ill' w l lidl
niu- (M"- serfion ::!.1.1), T Ill' illltic dn.v IIsed ill 1111 ' sillily \\'lIS oh la ilwd fro m
( "l lHlllilll rir k,( )111ilriu.
SlIu·c \.i k r1ily :<h ill '(' !l('(,l1 itll,r(lclll(l'I] in sect jo n 2.1.:1. T Ill' sme-r.titr- illl 'es!.i-
~;Ikd i ll t liil'" l ll d,\ ' is pn-ckuninnut.l y sodium b -nto uitc. I, Will' olJl" i lw.1 r OIl1I1l(' r-
I'i 'l ll)' lro m ( 'nl lilf la ('li ly l ' rolh ll:I.S, Sasknte-hewnn . SmHI1111 Ill!nlOllih' has h ee n
["U1ul tu fI'tllln ' t.he rilh' or l~ull i.a 1l1 in a !l l migrat.i ou II)' lowI' rillg I Ill' h)'lll'a u lic
('()lIlllll't i d l)' alld iJ l c n';l~ i ll~ t l)(' rot a nlatlon Facto r, Theclay s wero chOst~ 1I 10 re p-
rt'sl'nl ex t n 'III1'!i i n ri llYs t ructuo- and ptoportk-s. Though kaolinite a nd illit e- a n '
:\,1
11](' I'.hill"jo ur of l lll'~{, r1ay~ ill l;lhol'illory ~1l\d i ,'S a lld 1 1 H'~' - 11I;,kria I~ I\""W~"
)('('11'.1to provide a lussis for compnrisou or n's l.lls with I11,,,,,-" 1 1 1 ,, i ll ,~ 1 ill l,n 'I'j' II' '''
iuv..sli~al lous .
3 .2 .2 Basic Characterization of Clays
T his sel'l io fl ~i \"'s II hridc1 ,'sn il,t io fl of IIII'!,n 'l illlillilr .\' Il'sl illl-\1\I"lll1" ls l'11l1'1"n-, 1
to (' h llr;H' I f' ri~I ' I I\I' elilYS hased on iurk-x;\111 1 1'Iiysi('o ·d ll'llli,·,,1 !, 1'"p" l l i , '~ . nit,
Iollowing tf'stS 1\'1' 1'(' lH'rrurl\l,', I:
• Sp,'(:i fif ,;rav itydl'l l'fIl liUilli" ll
• AH, ' l'1 l1'r~ lim its It's!.'
• Cultlpad ioll I.l'sls
• ~'lhll' r ill(Jgy Xvliay Di lrrlld iull silltli ,'s
• Cllt'm in d h~s t s ji ll tu .. l (' atit ,n 1';lId"' " A' - ( ' i1l' iwi t ,1'
~ ......_-( 'Ia,\" S••il I l " ~<"ri , , ' i <>l l !\ ;J" lill it t· mil,- S ll ll ~· , i l l·
--
( 'ulm ( llr y l' O\\',Ir·t ) Whitf' G rit )' Urilyis h Brown
- - -
:\Iirlf'l'il l"K\' (F rolll X' ](l IY) !Jfl'X, kaoliuito ·10% illit e RS% slIwrl il.l!
S l"~ ' il i ( ' ( ;"i1vit y ( /\ ST :\1. I) Kri,H.,;1) :!.'I!) 2.!).1 :l.<iCi
Li1luid l.i l1lil «'AX/ BXQ ~;Il Il ·U !tl l r.o ;11 1·11
1'I'ISl i." I.imit ( AST:'.!. J) ·1:1·I.,,!I) :I:l I !I -10
I ' lilsli " i l ~' lnrk-x 27 12 101
S liri ll k;I~(' I.illl it (AST~I . n ·I:fj-~l) :11 19 :12
Slilllll anl l'n M'!uT 'li 'S. (AST:\!. (i!JS· iOI
0 l' lim u m \V," l'r ( '''nh '1I1 (';i' clry \\~ ·iA I I I) 'la ..') I V i 5!).0
:\lilxi' 1II1 Ir, Ih ,\' I)"u"i l y (F-/n n" ) l .fiG 1.88 O.!}!)
:Ili
'Iublo :l.;l; CIH'1I1 il'lll Propert i l '~ tl!" (~ ! il.\' Soib Stlll!h'el
:W.7
~:~!~;,~ I
liS. :l
:.!·I.O
Clay Soil lksn ipliull !\ ilOlilli1c· Illlilt ·r
Cation Exchange' ( ;i1lli1dly (nwI!/ lnOV;) :I.S! :.!:.!. l
Exchangeable Cnticux (11l1'1I/IOIl!?;)
Sodium 1.fi 1.7
Potassium O.!', I. Ii
Calcium 1.1 Hi.a
;'o, l ilp;l1e~ i lllll lUi :L'i
--
pll (J: I0 soi l- \\' a l. l~ rl '1.7 ~I .U
CilrlJuna1.1' (;on1.enl (%) II :!.O
--
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Pa rt.icle Size Ana lysis
'1'111: I,y. lrullll't l'f t l",t ,J.'!>(:rilw,J ill AST~L J) <12"1 • 6:1 was used Ior the dclcrll1i·
lIalillll uf thr- . list rillll t ilJll of patl i r~ : !!iy.l'l'iill l hf' If.,.t cIllY~. 'I' 11f'.li1\l ri IJllt iu!I of
,,;,rl id .' 1\;;0:1". !Imalll'r t han 2,l1n i ~ dcl cr illillffl hy iI !;('(lillwllla li oll I'I'OCC!lS lI!1ill'; a
I,y.lrcmll". 'r '1.I"l l llI' r•.,...I\.j; a rc- pIOll .~ 1 ill AI'J>.!mlix A.
Sp ec ific G ravity Determina t ion
Sp" I:ilir grnvity of 1 1:~ I , d ays WIIS rk-u-nuined us in g till' pycnometer t.l'st method
list . ..l ill AST M. I) H!'J1 . sa. Ti ,l: values are p;ivc'lI i ll T,thll: :1.2.
Atl er berg Limits
'1'1", prlxT,llIm. .!r:<criIM..1 ill CANj UNQ :!',)()! ·09'lw('re followed for lifluid limit
illrd plilst ir: li m it .If't( 'rmj llal ioll . Pla1\lidty Index, ill pe rcentage, is calcula ted as
t ill' . li!Ten'n ...' IM1W.'('1I tile liquid and plastic li m its of cJiI)'S. Tahl.: 3.2 gh·.:lIthe
\ 'ah u-s <If Un' AlI. 'rlwrp; limits for each of till- II'!!I. claye aud relevant p illtli arc
im-lmk'din Appcudix H.
Fur shril1kilJ;I- lilllillll -lt-rmiulItioll, 1111' mercu ry rliaplacemcnt method outlined
ill AST~L \) , I :n~a WIIIl followed. '1'111'slirillkagl: limit. values obtaine d for the
th ree days arc list ed ill Ta ble :l .:!.
Co m pact ion Tests
T he optiunuu water content 1I~('(1 for l 'lllll p ll l i n~ ruusluunn Ilry ,I,·, ."il .\· "r ..1" .\'"
Whf ~ 1I s ll bj l:c:l, ~ l to <I gin 'll ('mllpill"1iw <'ffor l I\";IS d <'l ,' rlll iHl~1 fur III<' Il lrt~ · ..lays
nCfo rdillg to AST~ I , I) (i!)l'!· i ll . F ig ll rt~ s l (m\'iH~ tln- n·sllll i, I.l!. m"i s llll'o· ...urtr-ut
- d ry Ilmlsi1.y rl'l i11inl1ships of 1111 ' lhn~ ' d ays an ' ind lllll'lI i ll APPI'Il<lix C,
X~Ray Diffract ion Stud ies
All X. HiIY Diffrnctometnr ll sill~ till' 1li ~il kll Soft wan ' \\'ilS Ilst'<1 to p,' dor m till' X·
Hay Diffrecticu experimcur.s recll l i n~l ill t h is st udy. 'I'll<' fu ll,,\\' ill~ ,.,.illl ", ,"di1.iuls
wereemployed:
Scan spC(~d
Radiai.iou
Sellll i1ugle (20)
CU ll
;J°-:lfiOfor III1 t.H'ak,I,';l lIl!,!"S
;J°- IXOfor l,n' M!',] Silillp ll'S
A dotnilcd de script.ioll flf "am plc: pr,:pil ra 1.ioll mdllf" ls a llel rd, 'villl1. r1irfn ll"
tograms arc given ill Appe ndix D.
Chr-mleul Tes ts
• pll o f r:ll1y su il SIlSlwllsiun : I; ]() su iI wat or riLtil) method was ( ~ II1III (JY('c1 for
,lplPrlninillK the JIll of IllI' d ay soils, ,\ SlJsp"lls io li o f ~ g of d ily ill 20 1Il1
of , Ii s l i l l, ~d water W;lS Sh ;lkl'l l [ul"liflrni llilk s ill ;l ff,t:ipr oca t.illg shaker and
I III' p ll nf 1.11{'s ll"l.H~ IISi /jll WilS Ilwitsllf('d . TIll' \'II!Il"S Ilrl' liste-dill Tabll' :1.:1.
• <:'Il ion I';xdlilllg" ( ;aplwity of Cla ys : ( :al.iun Exdlilllge < :;ljliLC il y of 1Ill' da ys
was Ildel'lIlil\f',1 lLsi ng t he ammonium acctatr- method . Samples wen ' pre
JlIL n 'rI in Illlplkal(' to r-nsun-reprodlwihility of res ults. A detailed des crip-
1ion of 1111 ' ITsl, l,rl>l'"dIlH' is docnmenn-d in ApP"llflix E.
3.3 Procedur es for Clay -F luid Interaction Tests
3.3.1 Sedim ent ation Tests
T Ill' 11lf'1,llodo logy followed hy llowders and Dilnid (1!l87) for scdimcntutiou i1I1HI-
.v., is WIIS adopu-d ill t llis investiget.ion. Sodimcntat le n test.s rnusis tr-d of allowing
!ill g o f "itch clay 10 sdtl f~ ill fiOO ml of liq uid under gravity only. T he d is tance
;11 I'q !;u la r tinn- iutorvals, and W,IS 11111 tk d ilS il Iunction of ti me . T Ill' k s t s W"T!'
1,'r1l1iu1Lll ',1ilfln 1111 minute, for all pernn-ant. liquids including water as this t ime
·10
was sufflclcnt 10 enuse f om pll'lc' sc'lI litl~ ill llLUS! ori!:ill1il' Hnids.
3.3.2 Mo dified Liquid Limit. and Shrinkage Limit. 'Iusts
:\'lodi fil'c1 liIILlidlilllil tests 11','n' pc'rfoL"ll ll'd Oil l it, ' c'lays l1sillP: 1IIl' SHill<'11l'tll,,'dll t"l ,s
<Ill for liqu id limit ,11'l"fmillil lio1t, hill with orp:ilttir IwrtlwillLls iltsl,'ad of 11" 111 ,'1'.
T It<, liquid limit is. t l lC'I'..rOrl ~, ")(Pl'c'~sl',1 <IS a li llie! (1"'1'111\',1111) ronu-nr ( 1I1,ISS (I (
Jifl1l id / 111ilss of .Jr.v d,l y ), :'\0 attr-mpt was l1lilll,' In deu-nuir« IIH' l,lasl ir lilll;1
with pure reagcru ~r;lIl. ' li' lllids d Ul' to hl',ill h safd.\' l'o ll.,i,I.'ral ions.
Modified shrinkage limi t. h'l' ls wen- pnforl1w.lotl ( I) 11';11 ,,1'sill lLt"akd sp" d
ruc n alld (2 ) lllWdll W1L ll'l l llr ,l!l' t1 with water for 1,1 hours ilnd tlLl'II mis ". 1 wit h
pun- <Jrga1til ~ liquids. I'ron'dufI's \\', ' n ~ ;I S ill ,\ S'I'I\ 1. I) ,117-S:1 hut. lIs in/!, II lind
t.lple llIoldin g romalunr tluu acTUlllodil l.l'c! four spl' .·im"lIs at 1110' snun- t.iun- for
COIJlPilTisOIl pllr IHlsC'~,
3.4 P er m eability Testing Procedures and Cal-
culat ions
A rig ill wall permeatneter with ilxia l lOiulillJ.;Cilpil l. ilil,i. 's (o. ',lollld"r) \V'l l! IIs,..1 ill
lit is il1l11:stigali oll, Figuw a .1 is II skl'l.d l of 1,111'I"S!.~.'t ·lI P IIspd fur 1I1l:,lslIrir,/!,lJll'
lJ"rrHl,.. f, i l; l it ~.~ of l l", dil.v.~ wit h 11m ofWlJli,: pe:rHwlInls and wit h J ist ilbl wat er .
A s',,-liou,d skdt:h or t,lll: Jll'rIIn'allll:1.l:rn: 1I is SIIlIIl'II in Figure :1.1,
TIll' p r:m tl"11l1l'1.I:1' rr-ll nmsisls of ,I u'Ilou ring rOlililillilig Ihe' clay spc'l:illll'll,
: 11'\. ,~1 111111 illlt:rn al diilllldc'r, T IlC'ring ltself is plan·tl in a totlon assclllliJly. Teflon
() ..-ilII-\S 1I"'n' IIst·,ll0 " IISlll'l' wall·r·l ight st'ills lJC'1\I'c'c'll tllC' ri llg and the top and
hoUo w p ili'Ll' "r thl' n·ll . Slidi np: rums a [IO\\'(" [ for n l1l mlting t.hoilx i1l1d(·formil·
iiull of t.hr-s lw"i llwll ant[ fUl" ap l'!yilll; i111 nxia l dfC'c.l iv(' pressure. Filler paper
W,IS plan 'd 1)('I,wI" 'n l,hl' s p,'{:iI1l1'11 Mid rill: porous l'1 01l(~ ill i111 test runs rO('US-UrI:
uuifonu h.l'driltllie l'U'! C:<l111li1.iorIS. T lj(' 11'1101( ' sel. III) II·il .~ mounted llIlI!er il fUrllf'
!luuII to 11Iillihli~,· work"r "XplISUl"f' ilUd iIITi'!c'lltill sp ills due 10 !ea kilgl'. All tub-
ill~S us,·t! ill t ill' 1"' 1"1lI1'iww ll'r 11'1')"(' of tr-llonI" r-nsun- l,hal, dctcriornt.ionof 1.11<'
I lihings dOl's net. tuko Jl l il("{~ due 10 rentact with l ite mgank liquid s.
COllipild " tl clay soil nm:s 1\'1'1"(: prepared hy lllixil1g t.lu- d ilYS with distillcd
water (,, IIll' dl~ifl 'd 11' i1 L, ~ r eontcut (al. or above upf.inmm moisture content] and
sto ring fur at. IC'<ls l 14 1101lTSIII hydrale . [II Ulis way, it. wal' ,msllr"d that. 1.1l<'
s;rlllpl,'s 11·1·...• full}' s'l1.unllt·d lll'fo ]"( ' mOl1111lug in tho n~ Ill' . C lay liners U Sl~d ill
' ,Illilfills lIrt· ordhmrily compacted wei of tlw optimum water rcn tcut Hud nat-
IIra lJ,I" an ' I'o lllp ll'r" ly .~a t ll r;l \. , ·, l with wntcr Ill'roH' t hey f011Wlntu COllIlid willi
tIll' 1I"i1l<lt' litlllids. 'l'his point was t.-.kc·1l illl.lI ronsidcration \\'Iwu preparing the
da .\" sl lC·rill1<' lls. TI IC' lllilt t' riid II'<IS l;le'lI di rt'rt lr cOlllpilf,tl·,1 in tit,· ring. Ilsing iI
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Marlotte
burette
Collecting
burette
Blocking plates with
spring washers
Figure a. l: Test Set. Up forPcrrrlf~ilhili t y Sl u.]i,·s
nlll lpiwt ioll ilss"lIlhly, ;\ u a tt" lll pl \\'i1S made to reach till: m a ximutn dr y , Icllsi ty.
A StilUd'I HI k lll'ill l i ll~ nlllll'adiull umthud \\'HS used ins tead 10 pro duct, sp ednwfls
uf llui fo l'JlI ,lll,I"l'I" ';llilbl ,' ,1' :lIsil y ,
Afl"f l'Olllp,ldiofl, I ll(' ,:or ,'s lVen ~ lIHlIlllll :,1 ill 1111: I".whill " cd l a nd the per-
fII" illils IVI 'n ' allow"d 10 pass t hrong h l lll' Siltltpl ,'S. T Ill: compa cted specimens
h u rd l.,' w"s liS" ,) lI i pru vi, le 1.111'hydrunlir- Imild illl,1 liquid inflo w. 1';Hhll'Ul \\'I\S
mIll,,'!,," Irunr ti ll' I1l1 i,1outl, 'L 10 IISS,'SS sh'lldy How through tho specimen. A
Ar;l,hlil!. " llll u' fil.l.l'd wlth nn Idr·tighl, n ip I." \\'i1S u~"d for r-lllueut. eolk-ct lo u ill
onl,' r 10 I Jrt'v' ~ f1 1 , volatile loss'~s . 'l'y pica l dura tion o f 1.Iw te st ranged Irtuu Iii to
:n days . IJydril ul i,: ~ri1, 1i1' 1I 1.s o r flll l,o !)O 1I"'n , Ilsed in t,lu:s" tes l.s. Fo r kmJlillit."
,111,1 illit e, 1\1, 1" lls t live pun, volumes orfluid wore pa ssed through cadi slwrin lf'll
Ildul'I' 1.111' 11'S1 W;lS ter mluated. In t Im ,:as" or SHlI'ditl ~ , t ile c1H,)'soi l cure WilS
hiAhly illllll'l"Ill'llhl(' and in SOllie ;lls IHllI:es, I('ss than 0111' po re volume of liq uid
W,IS pa ss, ,,1 t hro ug h IJu ~ specimen over a pe riod o r 20 to 30 da ys. At t he (:II(J of
1.111' 1.1'!< ls , 1. lw SiUllpJ, 'S wert- o lrd lll1y removed from 01(' cell aud the d ry density
(If l 'i1rh snmple wus determined ;HId rec or de d. Da ta o n water content, void rat io,
,1"/.\1"I ,t, o r saturation , t'1" , o f 1111' l,l,sl sp,:,:illl" 11S n rc (lot :lllllc n t,c,J in Ap p end ix F ,
('''!l slnnl, hond pernu-ahllit y Il 'sl s wer e interpreted aml used to compute hy-
~Aluminum
~Teflon
E2J Porous Stone
lii,J,{:';j~'J Specimen
1'\,,"':,,1Brass
• Teflon O-Ring
Figure 3.2: Secrlcna l Sketch of Permearneter Cdl
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Fu r 1IU' <lr)!,il llk l'''l' I1lC 'il llls, 1111'value tlf 1\ olJta irll'd hy equat ion :I. I is (l c ·)lI ~II ·
,Il·nlllll t ll(· " isn lSily ,llld d"llsi ly of 1Ill' pr-rnucuu , In or der III a.'~(~ ~ ti l" d rallgt·s
ill 1,11l' rl"y struct uu- its l,IL !.IlI' sllt' l:ilk o r intr insic p'·rnll'"lt i li l .y call i", usc.l. The
\\' h " I'p
k= !i.!!..
fir'
(:1.2)
lIyc1ralllk conductivity (Pcrmcabilhy when pcnuearu is not water ] (ern/s)
IlYliam il· viscosity of Il'si pemwaltl (g/nu .s )
J) " Il ~ i l y of to's l 1" '1"1llt',1l11 (~/fl l1:<l
( ;r ,l\' i1;,li ull,11 nl11S1,' ll1 t! I~1 " lll /s~ l
3 .5 S ca nning E lec tron M icroscopy
T lie S"arming E l('cl. roll l\l inl J:l.·op " (SE~ I) rnu I... llSI·<I t tl s t lldy ti ll' murl'l " ,l" KV .. [
HII' li S" of an r-vaouutcd s 11111]11.. d la llll wr , 11('11.... II'C'I I"II'.\·S """1101 I", sl u,Ii, ',1
.lired.ly, SEM s lId ;ln'li usually lta\"I'1" I,..1"l/il1l'.1wi1Ii " n'" ' ! lI d i ,, ~ film to 1'1"1 ' \"'111
s (Jr filn~ t:!J;"rging a m! lusi< uf ITSu!Jll ion. ( ;01,1 1,111l'1 ',! in il V' -I)" rhlu 1;' ,\" '1" ill il
vacuum ev a por ator is tho (:01ullH'1illg HhnIlsl'd ill this s1l1dy . S, ' \", 'r ;, l lo"'l lIIi ' I Il I "~
ur e avallablo for samp!o p repn r-ation. SOllll' IlT llIliq ul'S s t.1l1Iil,d iuchu l.. fn ..-zt-
drying , a ir d ry illg 1111110\ '1'11Ilryi ng.
\VhclI pnsi<ilJle, a Sp,·c:div;u:. I'I'ill'SI- ~'od <'l I Fn..-zt'llrYI-,. w"s II,~ ,-d t" fro'" z,'
1I11~ sam p les wbich W('I"!: I.lll' tI frill"1l1fl'd ,HId 1-\0101 I'll,d,l'd IIsi n/l," I-:d wiln ls M"dl-I
E12E Vac uu m COill,itlg U nit, HOW(-\,I:I", in 1IIost itls1.'llwI'S, fn -('z,- Ilr.yilll-\ was 11,, 1
pr acl ,ifi ll (d ay sus p onsicns and SI"-f:illil' tlS fWIII s lr l' i ll kil ~I' I,I'SI,S) 11111! ilir , lr'y i ll ~
followed hy OVl'1IIhying ( l !lJOC) lI'ilS'Id" !,ll·fl. FTiIl,t,un ..[. 1-\01.1' ('1),11", 1 ~I 'f' l , i ,, ",~ of
t llf' sam ple s were < ' xa l l1illl ~d Ilsinl-\il lIil m:lli S.'i70 SI ·"lI l1 i ll ~ EI" l'1n Jli ~l in-"sn ' I ""
A,.,.,·I,·r a tillp; vo ltil /lp s l ,r :1. .'i und :.W I{ V were IlSl"<1 in t his study. Secondary
, ·b ,t TlJII irll;ll';' ~s 1I'1'f" recorded (III l 'olnroid 'l"Y]/I' (iii ') P()si t i \"(!/ ~"I~i1 ti \·( , film . TIll'
llIinostrlll:!lll'", of !.Ill'days in n Hlt..wt wi th dilr" T1 '1I1 o rWllli,' HnidsII'ilS rnmpare -rl
with t ill' mb.ros tnu-tu«: ohlililll 'l l with wau-r ll rll l,'1' identical condit ions . Pho-
1 ,"lr1 inu~ril ph s which n~Vf~ill l,h,' d lil ll g l 'l' i ll tln- miurostrucum- of t ill! cla y s wi1.11
till' If' st pl~n lll·;lIl1.s 111'1 ' 1J1'1'~"lIlf', 1 i ll Chapler ,I and IiI,VI' all IW"1l ob 1ili lll' l l 1I .~ i llg
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t('!ll s il l"{' first ( l i sn l "'-"'~ 1. 0 1111K' ]..nsls n f 1111 'SI' n'l'illh ~ . i lll ..11"' " 1,1 i ~ IIMd. · I"
;,II·lIt if.1o" tl llts<' tYIJC.,.uf lillui.1s tha i Ill"}' ,·01 u...• s i~lIili ...'1l1d ... n~,.,.; ," 11,.. 1',\',1,.",1 ,.
ronducrivity aud min ll:.ln wt IlTill I'WI"' rli."" uf e-l..pi. 1" ·rn w;,I,il il.\' ".,.1 1' -"'111..
an ' llisCIISSC'C! ill fl,-lilil fur ",11"11 r lilY with IIIf"1,,,.1 li' llIi,1s. ,\ \'iSI lill 11IOIi,-;,li"ll " f
is pro vidl 'd lhwugll phuh lrllil:fIJp;ra pl ls . 1\ fllll1 l'<Irb,,,, " f III<' rl 'sll lis " I.l ;,ill,-,I ill
t h is illVl'St ig a lio ti with tIl l' firlf[iuAs elf 1);ls t !"l'se'Mdt!· rs is " lSI, l' I'l'S('ul, ',1 in l itis
dliLp ler.
-Ill
4 .] S ed irncntat ion Tests
'11,,>1.'~ t l ll ~ <,l' llll' M'rHIl II' ll fi rf i" n I,'~l ~ a n- ~1r"\\'11 ill Fill;urI' ·1.1. Al l IIll' lIou !JrJlar
\\"il lrju 1.'n mjll"l r ',~ , ill Ill<' niSI' "I' 1I111h" 1lm'" day s, T Ill' 1I(><,s \\"I'rr' l af ,!;I' il 1ll1
1'111 ' ~r .. lilIIl'1I11rl i (" 1 nrl.' ill aniluu-was SIO\\'I'r 1,IHll l in I l l(' 110 11IIOI;l f liqnlds. 11111
fOlsl " 1 11101 11 i ll tl ld h all"r. an 't i<';u, i. l ilIl(1 \l'a l l' r , 'I' l l(' s('dilm~ 11lill i()l1 vclor-uir-s wore
1I11ldi I, 's~ i ll IlWlli<llllll lllilll i ll 01Ilf' r lI1;l;'llli. , Huids. ' j ' l ll' M'd i I111'1l1alioll paucru of
il l i lt, i l l ;, ,.. '1i.' iw i, 1 was (1ll il l' t1i l l''' r!' II I , Tl l( ~n ' was nl pill 1.fl't'n'I!SC!'lll:l' lI'i l It l'I'1" il SI'
"r a ~; tS, pn 'sllll li l1Jl y I'i l f ho ll r1illXid l' aud init ial rato of settliug Will' w ry low, III
whhiu rln- II's 1 p l 'J"iOlI o r t.wohours. III ki lOl ill i h'. <llmlt" 1 nll1l p l(~h' sPl l1illl; wus
;lI h i " \' t ~ 1 ill \\";111 '1". lholl1'.11 il l il Ill lll'll ~Ill\\'{'r rai l' 1'lllI lp an 'd In til( ' organics.
\\' II" 1"l'
SdlliUI; w lol' il.1' o f Sl l l 1('fit'il l part.idl's
Oll llnce lrom l llrl l ce ol lUPlln l lln l icm l Oil ll nc i ' , om llllil i ci 01 &lJOl ,n l ll nt lcm)
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Figure 4.2: Rale of Settl ing of Clays in Organics
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Unit wl'i ghl of lIlt' Iitlilid
Diameter of tlu- panich-
TIll' a \'('ragt' rute of sl'l .t liug (nil/mill) til' tlu- d ily Ilart.id,-:; ill " ill'h tor 1111'
t es t liquid s \\'ilS r-orupuhx] from i.lu- sl~l i ll l (' 1I1,1!,i()1I pruHll's as rlu- rilliu llf Ill<'
dist au«- Irourt he surfaco o f !hl' supcrnnt unt (I'm) 10 11ll'IiIIit' lilkl' ll rllr ~d lli tl~
( mill). F igure ,1.2 sh olVstilt' dUl1lg('s ill11 (' rnte of sl'\ .Llin!-( ill clilrl'n'11 1 Iiql1;,ls 1'' 1
r-arh type of dily. F igurp ,1.:1 pm" i(lt's fur " l'UII1I';I1'isoli of 1"I'slIlls tlJ, lilill,~ 1 \\'il l,
d ilfl'rl'lIl days for e-ach o1'gitlli,: li: Illid,
])id(~r;Iril: cons ta nt of 1.111' pcrmcnnt hill' 1"' 1'11 i d" l1Wil ~ 1 1»' SOIl IO' rl'S"i1ldIl'IS
il l' Iwing it n itinl l paral ll f'tc r ,dfl'd ,ing llll' hy,ll'imlir f'Ullll ll d ,ivil)' of "l a,I''; (;n>"u
ct nl. l!lS I: Howders 1'1. a l . Illtm). '!'I"lIds " I,sl'rvl'll iu III('s.,( lil1l l 'u l;l 1.i 'J11 11I·(,lil,'.,
also SfS!m t o point ill rhis d ir('dio ll. l. iqui ds havi lll-!;iI vr'ry low ,fil,j, 'd.rk 1·"lIsl,.ull
caus e i111110HI iustan l, IIUCC lI!ill,iuli o f aU I,h(~ clays. It. i s SIS'II t.ha l lIull j>ulilr liq u ids
hiLving 'l loll' didedric n )Flslanl colJilPSf' 1,11r:, clilrllsf' .11111 1.11' I" y,'r tl l".1 sllrrollllds
ti le d ay parl id es. TIIl~ l h i ll tlouble- 11I)'I:rp r om ute>! il ll 1"11;,,. I,o.rlln >" .·i"lII!ILi,," IIf
the part.id('S, which results ill rap i d lIul:r ll l '11,iuu "f ti ll' I'lir ti e], ,,. FI"n:ll lnl iulI uf
pa rticlt-s rt ~~ lIh, s i ll au i llc: r"ilsl~ ill I,ll<: dfl'c:!iv,' , liilll Wlw uf p illt id t ,:; , It is d, 'iII'
from equation 4. 1 t hat, for a giv(" 1 l.ypl~ ursui l llilfti rks, ..",U.l i llp'Vdl Jf:it,yiUI'r<'il.st"l
with increase ill pa rticle xixc. Tlw hlgh ra l.. ~ uf sr:u.lil lP; u"s f 'rvl~l fo r m:l'l.ulW ilIlll
'f1I
will
~lGllnit. /IIi,. SmecUl.
Figure '1.3: Compa risonof Settling Rates of Clays
the nonpola r li' lllid l' i n Figu n 'l' ,I.:! ill ld1.:1 i1p l't';n~ t\> Ill' dllt, t u this rv'us ou. It
is worth no t illS that ao-ronc whi rh hn s ,1,li,' !PI'trit"co nsrnut o f :m.i a bo r'IIlS",.
ra p id sdtl ill g, Sill,." l'<'1.l li lL~ '\"I' luril," is ill\'('rl'{'ly pru pn r lililiol t o t ill' \'i",n lsity o r
llie tcs t liquld (cqua t.Iou-l..l} . Tilpid "'("I1iIl~ ilL ,lI"I'tOlIt' b<1ll"l'SlLlllahl,\' dIll' I" lilt'
low v iswsi l,y c lucetono. ]lIsp i ll ' uf it", lUI\"di(·I. 't'tri ,' ,'o H"" 'IIII, 1h t, T;IIl' uf s" tll ill/-'.
is nhs'~r\,,'t l 1.0 Ill' much lessor i l l anlllrn- thanill Olr l'l lll ll' ,11 111111. , I I'lII[IUI, I1' liq\l i, I.~,
Th is is tho u g ht 1.0ht ~ due 1,0 IIIC'h i~h I'isrus i ly ..[ uuiliuc. '1'1.. , wla1.i\'d,\' hi/l,h
,lie! er.lr ir. n )Jlshnl o f methanol resul ts in lowe-r SI'dill U'lIl ;lIiull ,"']lIrili.·l' fur ,.II
day s . Kinmnutir; vis cosi l y, tho 1"00 1.iu of visrol' i l.y til l i lt' d" II~ i ly o f 01lilli, I , is 1I1Is
01 /1 imporl.ant, pannnctur In h I' studied ill flHlj ll11rl iull with ,li"J,·rl l'i,. '-" 11SI 'II I1. ill
tile c ust or o rgOi nic p(~n ll< ';IIl1." .
S imilar results !law' lll't'll reported II)' Howdr-rsaud [Jauh-l ( 19.'\ 7) fur 1,Ii"ir Sl,il
index l,'Sls, A auu ru ary ol r(~ kv;ll1 l s,·. lilll!'lI l,Oll.iun n 'l'll it s [quali tntivr-] "lot"iul' d
by Il OlI'lI,'rs a nd Dani el for ll(' ul. rnlroll l p"IIII.ls iSl; iv"ll i ll 'I'"hl., '1. 1, 1IIl'Y ., !lwr v,', [
thnt, 1111' w(~aklr Slluhl e comp o unds (lll' pl,lIU' <1 111T( ~ E ) du nol. {: 1l 1J ~1f' UOlTlllnl.illll
of so il part icles [kaoli nite anel ill i l( '-d llorih~ d ilYs ) WIIl'I I Illixl'r1 wi th WOI I ,' " ;,1, Ilwir
solubility lilll ils. l lowuver, r<q>i,lll lu:<:Il lil1.i,," wus nhs,' r v"ll ill j H ln' n,,,/!,{OIlI.,p,riIl J,,
liqu ids, Hasod 011 t.l ll ~ sellilllm ll.il1.ioll l, rofil,·sof llilulillih ' '1I1l1illil ,· ·dl lurit l· ,llIrll ll"
qu a lil ativl' t osults llste-d ill ' l'a I J l,~ ~. I. IIll'Yn llld llll., 1.11.11 llu ' . ,rfl ~ 'l ur , li" lld ri. '
w ns l,ilil is Ulilriisla k. 'ahk Mix tures with did"dl,jr r" lls lilll1. I;n~'lh ~r I,]lilli lin I.•>
70 d id 1101. Cil Il S(~ rlil r t. i d,~ 1.0 f1o I:l:1I1"!.,,. Hrown a u.] A lI d ' ~ rs(JI 1 ( I OX:l) sll,I!; W'sl l ha l
'1'.. 1,1" ,1.1; SUUlIl lilry"f U .,j ," '/IHI SI ~ l j llt"l l l il l j(J1I Te sl Ik.~uhs [Howders a nd
/) il lli,·),I!J.'I7)
( .'lll l l p" lIl1d /Jidrdri!' (;o!lslall l l-loccutauon
\Val,I ~ 1 80 No
Mdlla l lol :11 YI'I'
Trid l !() l'!M·thy ll · l ll'
"
y, ,~
111:/' 111111' ., V"S
'I'rid l l()nll:l hy l l ' fll~ ' 80 ,\;()
11,'pl a l l l'" SCI ~o
• ' !<-null" 1i,," i,1,li....", I" ,·<1 iIlWill ,'r .,1!<O,l u b iljly lhult : TCE = i):l JIIg!1.. 11 t'!' t ~lI ~ = 11001111-\/ 1,
.'iii
IITt'Sf 'IW I' or ()r~'l n if s . whirh leads III 1111' Ionnatiou or lIlil<" r"l'lln 's ,111,1 shri llka/:"
creeks . To in w sligill f' this hYllOll ll'sis , Llu-mkrufahr ic o( " ll ll lO ' r1'l.\·S ill ll u'
uusaturutvd Slill ,', wlu-n t'xpn"" ,lln t Ill' 1, · .~1 1IIIj,b, W;I" stu,l i",1 ' lsi ll/: tI lt' S E~ I
(SI'cHOll ·IA) ,
4.2 Modified Liquid Limit and S h ri n ka ge Lim it
Tests
The re su lts o f til ,' mo dilil ·d liq u id limit h 's l s un- SIHI\\'1I ill ' I'abl.. ,I.:.!. T I1l' liq uid
limit. p rofiles a rt' lm-ludedill A p pt ,tIllix B . In tIll' t'a sl' of kimli nil ,' ,,",1 lllit .., IllO'r,·
is ove r IOO'X, increase ill t Il(' liq uid limil, o n p,'rll ll·ll1.\oll wit h !lie' lI"ll lml" r lIu i,ls
Ii'lui d li mit From L1wh ilSd ill" w ll!Il 'S fo l' water ill 1.1 ... ("iIS" or ,wd i<' ,wi,l, ,IS w-ll
ilS t.ho polar fill ids, an~t (l tll · a nd Jtwl.hilllo l. In tile' n ,S(· of SUlI'd ,il", , III IIIl' li 'l " i,b
prod ur-orl iI c!pt:n ';ls,· in LJIl: liquid limit liS f:lllllpan', l l,o wnu-r, wil.h ;Il'd ,j,o ' I<'iol,
acetone and m d ll1llolllilvillg a lm ost il!t!1l1,i':ill val ll l'~ . \Vlll'lIt lw d ay s wr'rt' mix !',l
with li ll ~ nonpolar lil!llids, l.huy 1"! f:i11111' p,ri1.1.}' illl1! ',.ra llu la r.
NOTlllitliu 'c1 li' IHill1i l1lit is r,d ' :ll lil1(~ 1 as 1.1(1'raf.iu of tlu- rllu, lifi,', l li'fllid limit
obta ined wit h orgilllic s to tI." ba sd illP lil jlJid lim it ,, [,lil irwd wi l,11 walr-r . T Ill'
'1';11.11' 'I .::!: III'Sult.s ol Modified Liquid Limit Tests lJsilig Various Organic Liquids
I\l:e\.ir Af:id .')!).<) :11.0 [,8.2
Ani!im' 7!IA '1::!.8 6:1 .7
An~I.()l l(' m.: :1:2." 58.2
:'vlf'llialln ] [l!i.8 32.4 .'lU i
Carlrou ' Ictrachlor jde I&UJ n.", 81.8
'l'ri('hlorOd hyll'lw 166.5 67.2 71.5
XY](~lI(~ H2.2 40.1 H . I
Disli!l"d Wain 60..') :U.5 [10 .!)
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tes ted ill Figu re "1..l, nrll ll 1t ~ nf Al lrrl>t' r l> l i llli l~ lI.,.b ohtaine..II. ." Buw, lt ' r~ ,\l,, \
Diln id ( 198;) for k.toli llit(' alltl iIIil<..ch loriu- d i\p< ;,rt' ,1\><11 plul h..1 in Fi~IIT<' "J..I
fUT com parison. ' 1111')" oh:WTn..1 Ihal l ilt' 1illlli,1 Iimil ,, ( illilt"".-1lu ri'" \\ ' i\ !' lIul
liig llifit-a llll)' aht 'n ..1 II)" arid , which W ,}:;. ills<Iuh ....·T\·nl ill II... prt"St'nl sl ll, I.\·, fur
the iIIilir d ay IIst..1. 'I' ll,,)" illsu fmllltl th ,,1 '1'( '1': ,ulIlllC' l",1l1t' ~l ru llV.ly .lIf,.."II..1
t he AUt'rhcrg l illlil~ of hull. l l...ir II'S\. soils. NlllllK,lilT li' l,.;tls an- [u i Il III I" ' "illl,,"'
large increases in the liquid limit of ho l.ll k'l!llillih' tnul illill' in Ih is sl lid,\". All
tln- org anic liq uids fa\lS' ~ iLdl'l' rl',lsl' ;11 l ht, li1lllil l limil ill t.1w rus r- of sllll'd; I ,' ,
l tow dcrs and l Janicl t:u nrlllcll' t.1I..1 I"OIll]llll llltlll with ,I d it'I,'(",..i t" ,"oll st ' lIl l l-\n ',I It '1
lire -1.5 shows a 1'101 of lIonn a1i;>A'Ilsllril IIuIR" linli l f' lr illll lll"1'':'lli'l lli, ls. l'.:'. rl llill
izcd shrinka~c lim it va lues w, 'r. ~ ollla ;' II:c1wilh rd .'" 11...· 1" IIll" lilllit wlrh Will. ·r.
Anilin e a ppea rs to fIlll!il: maxi mum ilwn :ilSI~ ill l l ll ~ sl,rill kiIAI' lilllil fllr " II d OlYS"
,; !I
Normalized liquid Li mit
6 " ---- ---- - -
Kao linite (B&D)
, '
. . Ill i te (B&O) i
! :....-_-------~.
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5 '
Kao linite
illi te
Smec tite
AA • Acetic Acid
ANI - Aniline
ACE - Aceto ne
MET - Methanol
e TC · Car bon Tetrachlori de
TCE • Trichloroethy lene
XYl - Xylene
B&D den otes resu lt s of Sowders an d namer. 1967
I3:
!
i
2 ~
I 0
'I 1 1 , 0O '~--L_--L_-'-_-L_~
AA ANI ACE MET CTC TCE XYL
Typ e of Liqu id
Figure4.4: Comparison of Norma.lizedLiquid Limit s
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Accuc Aeld :m.K 17.!i
Aniline rIO':, :W .!l
!\<:('lUIII' :1:1.7 I fi .:1
Methanol IK :l :17.7
Car bon ld mdll oridf' :lfi.:l ::!:I.7
- -
Trichloroethylene :\:I.!J :J...1,1
-
Xylem- :17.0 :J.(J.."I
. -
Disl ill,:dWal!'r :t l.n Jl'i.."l
fil
:1!l.Ii
as.Ii
'27.1i
lL,-I---l-.--'"
ANI ACE MET CTC TC E
Type of liqui d
Normalized Shrinkage Limit
3.5 ... ._-- ~-------
.'AA ~ Ace tic Acid
ANI - Ani line
3 :: ACE _ Ac e tone
ME T - M ethanol
2.5 1i eTC - Carbon Tetr achlor ide :IITCE - Tr ichl oroe thylene .
I .L~~~_ : Xy l ene2 , - - -----'
1.5 1
,!1
0.5 l·
,[
AA XYL
. Kaolinite + Illite 4· Smectite
Figun· 01.5: Comparison of Normalized Shrinkagf' Limits
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4.3 P e rm e abili t y Tests
4 .3.1 G en era l
Tl u· (·rr...-l!< u rt hl' le",,1 peruu-aut s on ,'" d ... r II.. · " 101.,"" ;I rc ·,li """ ,.", ~1 in II,,· r"lI..will~
th rough t ill" slM'dnu't1 !I1ll1,'r ,1~i\'l'1l I U I ; l l l 'rc ·",~ ur. ' 1" '.,,1,lilf'T '·Iw,· " f _\I I. Fl" " 1
thn raw dn ta, a , 'o ll l,iu IlUlI:< ,'u1\'c' l,a" II " C'II lit le·,I I,," ' -,I"!' 11 11 ,1 II!" rnn- .. I Ih.w,
Q(l) , lias h l 'c'lI (' \' ;\1111111-11 1,1 d isnd r tinu- i ll l "l"I'" b . I . l ls illp- I )ar'-,\' \ 1,\\" (M"<
,'" ltll ', 1\, l ilking in ll' alT ll1ll11 I I", ,1; IIII'I1"iu IIS "f , II" 1" ,.,. " ' '' ~ ' i l ' I' ' l l In ,,,,, "'~ '1 j"n .,1
jl.:!)
Till' ililrins1c IJI'r1l1f'ahili tr is t h"11( 'Ullllll ll<~ 1 i ll <:
W l ::::JWl/l
P!I
t.1,e prolwrt.i ,'" flf t lw pu rn lls 1I1l'fl iUII1 it "d f. ] IUW" I-" l', s t i l l i ll~ l ilil l k b rI" pr""I"1I1
"SSU IIlI'S t hat 1hcli lwduw!I is rnll,Y sil l. ll r;l l (~1 with III<'''''f ll l' 'iOUI ;' ll,[I]MI 11,.·11" w
Ii:I
r:lwlIfwl ,Jist rihlll,ion is not altered:
In t ill' Ildll" ll'l'rr:oJiltio r l l'''IJf'riml~ nls rJ{ ~T foTII II'd ill tlris stu.ly, IIII' rlays Wl'rl'
illil ia lly s' l tn nol.l~d with wilkr 1111,1 111" urgil1lil: fluid was introducedwhen il ,l e1l11y
fl,,\\' wns "l, t ll i 1l1~d with water. 'I"llill sllllsl iriltioll or pore' water is, !l1('I'e rOrt',
11,,1 like-ly In lrilVl' Iln'll o!Jtainl"1, ,'sppl:ia lly with imm iscible liquids. lut r iusk
IWTIlI"illJilily l.ilk, 'S irrtu ;w n lll ll t t.l ll ~ \l iSln~i1.y - rlf:lI,~ i1..r d fed.s of ,hI ' le s l Iluid. Iml
iUI"dan·. Wlll'l) inrm d lH'illA rhc - (lTAlI nil' pr-run-ant, 1,1I1'rp;y has to 1)0' Sp " 111 ill
\ ''' 1) ' s irllililr I,ll tlu- dl'Sil111 ral lou of soils by air ('111!"y) . Under constnnt ]l 1'(';' S1\1"I'
lwiltl dirr"1"l'rw,' , this fa ll lend to e-ither 11 11 illfTl'ilS('or d(~C I'I'lIS1~ ill till' flow rate.
,fPllI'rllliliAuu L11l' sll rf;ICC tension pl'OlJ('l"l ics. III some instunres. How fa ll " \'(' 11 be
Alsu. d U'lllin L! l"f'adiolls 1)('lw('I'1I1.1]('d ays and organk l'('rtIll'illIl,s can nher
III(' pun' SiZl',!is l,riIJlll,iOIl ilUllr-ouncct.ivif. y. COl11pl('x pllellOITlr'nll including r-luy
willl'r ,lil'oll's ,ln ullrll illlsor!J('f! cutions , ,~ll bslilt11ioll (fOxd till/ge) of iHlsorlwfl ions
ili l lU'I'!t'f'l rin d ,louhlf ' lay, 'r ill'ull)rrl pilr l.il'1l's an- iJIIlOIJ~ tll C /!l"Oresscs Ihill a ffe rl
Ill<'How rill';w ily of dil y lllilll'ri il!s, III0fl'(I\'I'1",thesl' rea ctions depend Oilpressu re,
It'lllllf'l"illtrl'l' illid nUll' 1I1111 (l("('llf ill a sY I1 (' r~is t i (' 1ll 1l1l1U'!".
(~ l
il is din'rl ly relan-d to r beJtow ratcuud ill h .\\' ril l" lIux ' -<llllpul" li <lns lhr<lll,~h lin
i ll t e r~ (" 1i o ll s r-alls for I IIl' usr- or intriusie Jlt'l"lllt' a hil ity 10 ,' lin lill,' lt' , ,'\',-U inqu-r
preferred ill thc 1l1'l'1'il'1I1 st ud,\' sinl'l' " lll l' lmsis is lniduu chang,-s in flow lH'ltil\'i..r.
Finally, r.lu- \'ilr iilh ilit y or sl"'t' j1ll1'11 pW I','r l i,' s , I'rillia ril,\' ,Ir isill~ Fnuupn 'para
l ion nwt hotls. must l ll ~ rakou into acrouut , TIll' villtll'So r li lt, inl.rinsi"IU'l'llI"ill>il
Ity oht.il inl'd have, Ih ('rdol"l' , Ill'l'lI lIoru lilli~..tl IlSill~ 1,11l' initial k vnlues "hl " i,w,[
with dist ilb l \\'il\I'1' ill t h.' firsl Slilgl~ or Pilch l,l'Sl, 'I'll<'int rinsic 1,,' rlll"ill,ili l,I' wilh
water ( {k~","' r ); ''' h.I). hdo1''' rll'relllll l ,i ll~ wit h o1'gilnin•• Iiu- rm-hor l.lll' I. 'sl" <In-
given in Tnb!e ,IA. Tho penuc-ahlllty ruti u. 1'1 (IlOl'U1illi;;'l ·d iul ri llsi!' p" l"IIll'ill>ilily,
dimensionless ] is defined as:
(,1.,1)
An 1'1 v<llIwgn'i\ter t han I lIU'illiS Iltill, <I ll ilw r t' il S(' ill I'l' rllll,,,I,ilit.y urr-urs when
inlt' 1'1111:l1iilte pi nt s, liS well as physical (:ha rlwk ri sti rs llr t' i ll" h s l",dllU'1i M " giV"ll
in ApP( ' llllix E.
,S I H,(jl lll ~1l l.t·s1. (,t l l lt~ rol"l' p(~I"f:(j r illi(Jll with I';<lo liuile JIIitt' S l!l(x:l ih'
-
,\edit: Ac:id 1.1 x 10- 12 4.'1x 10- 1,1 s.s X 10-1<1
Anili m' J.GX 10- 12 fiJ I x 10- 1:1 6.3 x l/l- 11
An~l.nl U' 1.6 x 10- 12 :UJ X 1O-1~ 20.3 X 10- 11
iHl'lh"lIol I. :! x 10- 12 :1.:1 X 10- 1:. i .:J X 10- 11
( ';l fl,unTdradl lori<h' zu X 10- 12 10.0 X 10- 13 117.1 X 10- 1•1
'l'r id rluru,'l.Ily l" /II' 1.6 x 10- 12 10.2 x 10- 1:. 6.0 X 10- 11
Xr"'III' r.ux 10- 12 Ii"l X 10- 13 9.9>: JO- H
{){i
4. 3 .2 P erm eability C harac te r ist ics of t he Kaolinite Clay
F iKIlH' '1.6 shows a plot o r normalized ;nl r(usi, ' (lI'rHwa hil il,\' of IIll' k" "li nil " !"i ;l.\'
versus th e 1)I1111 h ('T or pore \'o IUIIlC'S or llowo f li lt' I, 's l tlnids , Six lu li ((I"'11 1"'1'1 '
VOl ll 11WS of p t'rIl le'il lll , ( 1I''' tI ~1" follow ed 11.\' nr~,," i l"lil l ll i ll ) \\"1']"1' Pil S~" I [ I lm 'lIg h II,..
Act'li!: acid produn-d il s li8 h1 11,'I 'n' <lSI' i ll pt' fl\1, 'a]' il il.y f" llu \\'I'II 1..1' ;1 1!.1';ll h lil l
inc rease \.0 sl ight.ly ()1'1~1' t he l);lsd illl' 11'1'1'1. T in' lina l 1'1_ \';I1uI' \\"a ~ 1.( ;, i.I·. ;111
incr ease in pcnneability o f l .<l l,inws t ill' bmil'l ilu' \'" lIl1' lI'ill. Wil l' l", ,\ lItll'ISt,n
1'1 al. (198 5) re po rt a dl'l :rc',IS(' in lly d n ll1li,' (·Olltllld. ivity fur kaulini tt, In ';I! t'l l
with aret.ic acid. T IIf'y slI gge's t t ha t dis so [nt.illU of iron ox id!'s ty pin d ly Ill't' SI'ul, ill
kao lini t ic cl ays , followedby tln-lr m iWil t illll i1l1,0 lIWt'l"OpOITS w ay hi' I Ill' 11I1'I"h;l '
ni sm responsible fOT the observed ll('t:n 'as l' in k vahu-. 'l'hc S II1'SI'l IIU' ll t, i l1rr t'a st '
in k may be due 1.0 soil p i p ing which may huve ck-ar-d or loy"passl'll 1.I1l ~ dlJg~f ' , 1
conductivi ty of kaolinite penucau-d wit h d if fl,n 'u1. rur"'t'ntra l.io!ls " f a t'd il' ;,d,!.
The decrease W<1S less t ha n lJllI ~,h al f an order of m<lp;lIil,ml" ,
An ili ne caus ed an illu"asl ~ ill t Ilt, intrinsir IH'Tm" i,I,ilit.y o r kuoliniu: <luel I,lli'
fin al Tk value Ivas :U:llljJOI1pasSili\'l of aftJ11 u,1 11'11 )lo re vnlume-s of 1I11'n-st liquill.
Part.icle dissolution was not evident ill thr: spr ~t: i tli e Il S 1\1. till' l' nd of th ( ~ 1 ' ~s l" No
vtsihlocral:ks wore detected. AuiliJw is a weakUIWUlil: ],; r s( ~ and is sp ilri ll ~ l y solII
fi7
J,ll~ wit h wutcr. P reviou s n~lif'ilrl:h wurk p.'l ih:l ll ~lland :VfiJ(lsl~n [!J8"f)suggests tha1
ilnililWis tun wl'ak il hasn to nl1 IS(~ <Iissolutiofl of th,~ day part.iclcs. [lcnc c, pnrt.i-
eI,· d UAAiHI!,dul' 1.0 disxoluj.io n CiHll101. I!l' II pllssihlr~ mechanism Fer t he observed
1lI11 1'Tly illJ!,111" uhsI'rvnl iur-rcuxeill 1" 'rf ll" i1h il it y is i.hr-allilit.\' of auiliur- 10 l1lmliry
till' strurtural il rrilllKf ~ Il U ~ lI t or 1.111" dil}' p'lrt.idcs , at a Illinoscnpir ilS well ilS ill it
IIlilol/sI 'opi,: level. ' I'his will hI' t1is("]lssnl ill grl' al l'r dd-llil ill sf-cl,ioll ,1.'1. [11 1Ilf'
s1.lllil'S ("oI1l11I('t ,~d by Hrown ilfl,1 !\T1r!ersoll(198:1), anilino WiI.S ohlif:n'('r! 1.0 cause
<Ill iIWl"l 'iISI' ill Lln-pNll wahi lit y or various days ill a rigid wall penncamerer. They
,li,l lIot.ohs,'rvr ' ('" id"IIf '" or ,lissolll fic>1I or piping . TIIf'Yau.ributcd tln- illn f'ilS(' ill
1,,:rrllc"lhi lil.y to i11t.eril l icJlIo r 111f~ Hli1ssi,·I'slrlldllf(~Or U tf ~ d ays into i111 a.p,grega.k,l
stnwt,lll"l·.
Nl' lIl.ra l polar lifplids, 'U:el.OllC ami methanol produce a decrease rollowed by II
s liglii. in ''r('.ISI· ill pl 'l"IuI'ahi lily villlws. The Iinnl uonnnlized IWrlllf'ahi lity Vil1 1WS
on tcmiiuatiou or til<' t,('Sl.swer e Il.S aud n.li for for acetone a1lC1 methanol f(!SIIl'(:-
ti vcly, Dis plan 'llU'tll, or illI1~rstit,ii\l water may be the mechanism for the observed
t!..rn'ilsl' ill pl'tllll'ilhilit,y followed by th" slight. increase. Uppot and Stephenson
(l! ll'i!l) o hs('r\'('l! (Jllly il slig ht Irend towards <Ill increase ill conductivity ror kaoli-
Hit<, with n,'u11',11 I'u lilr Huids. 1\1('li1'i ;Iml Olson ( 1971) Il11ggest t hill wl l('11 it fiuid
Slll'lt ilS 1111 alcuho! is llSl,,1 liS tln- Il's t poruu-aut., tlu- fluid is ildsorherl either by l hl'
rntious or. men- likdy. by t.lu- formation or hrrlrog(~l1 bondsat HII' clay particle
(is
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Figure 4.6: Permeability of Kaolinite to Tes t Liquids
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~lI r f;ln ', and a part of t h f ~ Ilcw channels is likely to he bloc ked , thus reduc ing
thr- permeability. Ander son d al . ( I!J8.'i) ohse rved t hat methanol-t reated soils
rf'Vf~ill f'fJ dl:vdo[llllfml of larg e po res and craels visible Oil l , h{~ so il surface. They
l:f>lld llfl.: t hai, t.he flid cd ric enll st ,tlll of methanol may have caus ed a {Ieqease ill
( 1" fTf 'I I Sf~ ill pl'rtrl"al>ility. T Ill' final norumlizcd permcnhility ra t io vallJe.~ were 0.0:1
Illlfl lUJ! fur TeE IUld xyl e ne rf'spct:l.ivdy. Th e decrease ill intrillsic pcrmoabillty
of ilWIl /lf l une: order of lIlagllitllde as is seen i ll case of the immiscible fluids is
iJ 1 1 U'i I Slln ~ of 1,1lf'energy expended by I.hesl ' liquids ill order t o displan~ t he in-
II'rs t it,i;1I water , IS the r($i deut pore Iluid. Similar results hav e been reported by
Upplll, a mi Stephenson (il lS!)). Th ey obser ved a. decrease in per m eability from
!Jx 10- 7 flll/s to 2 x IO-!I emIl' for kilUl illit.,~. Carbon tetrachloride shows a tr end
towards an i Il CH'IlSl~ ill permeability after all init ial drop. The fina l ucruialized
IH'rlllmhility rut io was calc ulated to be O.Gfor eTC.
4.3 .3 P ermea bility Charac tc r istics of the Illi t e Clay
Chil ll~I'~ i ll ll o l"llHlli zf'd i ll 1.rill~ic 1"'Tl Wilh il ity o f illite versus po re volu mes o f flow
i\f( ' pl"III·,1 for all 11]1' I.('st. pt'fIlWilllt.s an d tho results arc shown i ll Figure 1.7.
"l'llI'1"I' wna no visihh-Icr matiou of aggre ga tes in the lest specimen following pe r-
70
m cati ou with water.
Acc uc acid ft'llllhl'd ill au initial d('("ftw••• in ill lfin ~ i'·Il<·rl1J'·il hi li ty. TI lt"liJ1,.IIT'·
s~ows a decrease f" lIowl'.1 bya In 'lId lowatt l ~ nu innl·;J:<t · in k. Fill.,! ft \·"h... fur
acetic acid was calnllatet:1 a>l 0.5. O \'t'T fouT IMIIl ' \'ululIl<'lI uf '1.·i.1 we-n- pa s:<t..t
before the leot was ter minated . Illite- ron la ins rarll<lII.,It· { t %) 111.11 Illay Il'ad
with acetic acirl fl"liuhi ng in l in- rd "ill'<.· of rl lrlmn .Iiu:'(i.II'. Th is /!;,IS a p ll",\fS ill
hllh bles which t:/ulllt>l " lIrll p,~ by dissli luliu ll i ll m-idall wlln h l h"lllt' ,';1S" in w" lt·r .
' I' his may result in do/!;gi n~ til' plll~gi lLg o r t.he IXlft'S. '1'1... ,,In....n ''·tl ,!l'n" as" ill k
m ay be d ue 1.0 this phenomenon. Par l id , ' d issolul iu n 1'i111 SI ~, 1 h)' t hl' ,It' i, I IWI ~' ' 1ls lI
co ntri bute to lhe obst~T\,,'t 1 dI'Cft'ilSI~ in k, silll'!' I ll<' tlisl'<.l/vl·d p,lt l id , 'li 11M)' Illi j.!,rOlI "
w it hin the lllarro pon"S,thus blucki ng th e Iluld Jlow p;ll h. TIll'Slll.st -eI"'· lllln·...1
towards iUI iun"a S(' ill iut rinsir- IX'TI1I'ahilily upon IliI'....ilJ1,.'· of IIIUrt' p ur. ' V"IIIll' '''
of acid may be due 10 OtCUTCIIt"t·"f "lui1Ilillillg. An,I"Il.ml c'l OI l. (I!JS!'I) Wlld ,.. I.·
l hal any liqu id ca pa b lc "f dissolving dilY nli llporlC ·lI l.... (Sild l ;as ill'ids ur i..,:<t ...)
could potentially cense illCnli\.o;(:!l ill lhc' soil mn dllrl.ivily. '-Wd ld l m" l "! ;U]SC '!I
( 1987) suggest l hal lIw hYllra ulk Wllfilldh'ily uf suils nlll lOlill i ll~ I";l ri IOlIl'III.,. llIily
d ec rease due11l por e c10ggillg !ly pn !t:ipilil h -s ;11,,1 part id ,' miKml ,iun .
An lnit nl d(~ctl!i1 S< ~ in 1l.~rl1wahili ly rlilltlwl'll hy an i llnl ';~"': is ohsPfvl'l1 fUf
aulllue . Around six \lure volumus of auililll: WI'I"(: IHISSf'd 1,lmlil Kh 1.111' S!"..:iUl<'1l
before te rmina tion or t in: test , The final PI ~fl lll 'ilh i 1i ty ri ll ,ill was :1.J. Sill" ~ tltr'
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' :" IIII'ar:l,..1 day 1IW.,:i m.'us w.' I't' s;ttHra1<'d wit h water priur 10 pc r mc ation wi th
a nili".: , till: ill1ilill" IUHI t il IJllysira lly wplau' walc'r .....111: n-sident POTI' llnirl. 'I'he
in it i;J d...:w....,.: ill IJI' n lle...l. ilily may II., fhll' t il ti ll: f'III'T&}' I'XIK:Ildl:o:1hy 1111' aniline
ill ,lis l'lilcill /l;tl w illl.f:rst il i..1water,
lu ll ll' l"iISO:"ftlll ' IlI'lll rnl lllll.,rflllid s, iUd llllf' l"" lISO.,J a m.. r1w"IWr n,.....,i llk
w,II'" witl l ti l" liIlJlI I" 'rrtlO'a l.il il)' rfit i" hf:iug 0.0 1 wllf'Il ti ll' II'Sl w".. ll' rlll;u ill ,.,1
;ln N P;I ,"SII ~f' or ;,IIIlIlSt l lln ." po n : volume.. or ;,n:\OILl:, Mf:1.llilnol r-ausrd II slight
clf'f T( ' ,IS' , ro llmv('.1 by II slight h ll: rf ' a Se ill per tuea billt y, About S('\,('l1 POI'(' vel utues
or li' llli,f w, 'n ' l'n" ...·(1 l", rul'" tenulunriou or t l,, ' " 'lit und II II' Iiun l r k value \\'IIS
i1rtlllu d lUJ,
T Wll uf t ll1'11l'n lr llllllll lpn l,lr liflUi.ls slwl il'tl in thi s illvf'Stigali o ll; t r iclrloroet hy-
1" lIe' a mi lCyll 'fw j'/UIM. a decrease ill tho p crmr-ahility o f illitc'. T I,c filial penne-
1I,ili t y Tiltiu "a lues a rr- 0.0.1 ;nlll 0.2 for TeE and s ylem- 1l""I'L'cti vd:r. O ver fOUf
I)" n ' v.. hll lll'S o r lillni,' \\'c'rl ' 11il. .."I..J t1lwlIg ll 1111. "1K.-'t:illll'll in t ln- case of xylene
111111 a lmus t Sf,,'f'lI po n ' \'lIl l1 l1lf~ of l ricllloructll)"k ,"c werr-1);Is."I'I1 be fore l llf' tc,:,l"
\\'I 'rl ' "'rm illi l lf.,/, Carllnll h 'l rafh luri<ll' , which is apfll"lx iab ly solu ble i ll water,
(';1l1~I 'S iI ..liglu .1''"I"I '(lM' rulluwI'11 by a ll Increase ill Ow intr luslc 1>I:w lI' lIbili ty with
n lil...1 k ""h I(' \If ilfOlilid 2 , 1. Around four pore. volumos o f liquid were pa ssl'Il
Ih rull~h l !ll' SIll'rl llll'lI,
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Illite
4.3.4 P ermeability Characteri stics of t he Sme cti te Clay
The ,-h<i llJ.\' )s ill ti n' intrinsic portur -nhili t y of t hl' srlll'fl it i.: day are p lotl efl il S " J;
Vf' r.SIl:-<»uruber of pOri! volllnll's of ti ll' h' st pcrmeaut ill Figur, ~ 1.8. For t.11f'same
du rut.iou, t ill' 1111 1111",1'of I" ll'(' volumos of test liqu irl tlmt. I.assed t llTOugl1 1he rill)'
s" ilnm', W "1'<' much I" ss for s llwrti1<'l llHll for 1 h, ' ot her two clays . T his is IJPCilll SI'
or 111<' lulu-rent low illt rillsic pcnneabllify of till, smert ill"
'I'l l" sll l<'dill' J.\Wlljl of d ays , es pe cially mo ur.morilloui u-, have b.'1'1Iextensively
st.lldi .', l l.y Th "IIJ.\ ( 1!171) . wiLli rt'sp ('r;1 t o t ilt' chemistry of tlay-organic liqu ifl :11-
te-rnrt.lons. [111.1[(' IHI'Sf'lIt stlll ly, all l.h(~ test liquids [wu.h the notable exreptlon
o f Xylf'lll' ) W"I'" ohsl'tVi'd to filllS" ,~it h('r an lucreasr- ill ]J,~rnteilhi li l,y o r il sllght
(I. '('n' ;ts!' followed hy a ll i n r; l"l ~ iL"e o ver l.lu' hil:'iclille values. T ire pri mary \II!'cha-
nL"lIIHwhich nlf ('d , t l\(' pertncabllity pro files nru l,hOlIS!I!. to he t in. sa me ;IS ill th l'
k;llllillit" and ill it e diLY ~ for ea ch liqu id.
'I'hol"A' \'i1hu ' fur ilI"C'lk aci d WitS::!.!). Aro und 1.7 pore vohuncs of di still ed wal.cr
follll\\', ~ 1 h,\'IIcd;" ill:id \\'(~rl' pilss,'c1th rough t.he<:ntll p<l cl(~d smccrlt o soil ron-. :\
Ara ,]I1i\1 COIJ I,illl I 0\l ~ infT e;!s (' i ll pl'r lll('i\ hi lity is OhSf) r \'(~d , which is prcs uurahly duo
h . p;l l"t id,' d issolill io n and urlg rut ion. I\ llil i l ll ~ pro d uced a slight decrease fo llowed
lIy i\ s1l'l'1I iucronse ill pr-nnuahihty. Th e filia l uormall zed perm eabili t y ratio was
<"()lIpll l , ',1 1.0 II(' :l,l , Amum! UJ) porr- \,olul1l($ o f per umaut. were pass ed before
1.'rmi uil1\o ll of ti ll' t est .
j, l
Acot c m- and llU'lhallol hot h rnnscd a I'I;ltht .1' ·I"Tt·;I"' · r,.IlIlI\"l't1 h,\' an ;ll n "; I"'·
ill the por nu ..,hi lity. TIll' lill.,1f~ values W"T.,lI .S ;'I HI :!.11 rUT,It·,·.,.,.. ;111'\ md lw m .1
rt'liIX-el i\'" ly. ( "!,{ ' and TC E hn t h Cfllll'('t! ;, "' l11ti llll" IIS i... ·r.·;ls.· in \M'Tll1<·;, f,il; ly
ill t h" test wit h e TC and 1111" 1; 11 ; . l l1 nn l1 ., Ii1.,'t I I,,· n'M ·ilhil i l ~· rut i.. \\'011' 2.;•. '1"'S1s
with Te l': W(Of"(' tc'TIII;lIatc,,1 wlll' lI ililtlut 0.;, 1" '1'1' v.. II,I1I1'!l IIf [low 110 1I1 '''Tll ln l
am i ti l(' r k value Wil l' :1.0. Ar,)Il1l,l n.» pun ' \'UhIIH''!l or 1 1;.~1i ll,·, 1 wilk r r"lIol\·."I Io.I·
xylene were penu..at,,,1and tl... 1;11 111n. \'1,1111' Will' II,:!.
4.3 ,5 Summary of P erm eabilit y Tes t Results
The fina l valu!"!!or flUPOIl k r m;ll il t ;o ll of Ih" I" 'ru w;,hil ;ty 1I'Sls ;,r, ' :u lll ll1hl r;1J..1
ill Ta ble -I,f1, The kaolinih .· day IIM" I ill l ilis st udy i1< "ul ;. ve-ry TI';wli\'f' lIMkr;a l.
Its low su rran~ an-a alld CatitJlI E xd lil ll ';" Cilll<lI'ity Illili~alt' l.ult-nti ;,1 . ·Iwl11i.·;,1
rea ct ions with or,;a llir IW·f111' ·ilUl.o;, TIll'ur~illli,· 1"'TUWill1b lJil1<i"all )' <1"" I" ·t,, wi tl ,
wa te r dipoles ci ll.. ~ r ill t hc~ dl'dric: c1 il rll1<t ~ 11IY"r ilrulll ., I, ·xisl i"p; t";lli'III1< .. r . Iin "· l l.v
at the d ay s..rfarc . NI~Ulrll. l ll tJ llptJl il r 1l1U1 1 'l: " Jc~ wlt h l;n .e,f· 11l"l c" 'u l;l f l ll il l'o.~ (T CE.
xy le ne ;1lIc110 It It~~I ' r extent <:'1'(:) sre-ru II, "w l' l" f'x with killlliui t f' on lIlI ' "X l"f
11111 sllrrar.c·, t1ll'n:hy ft'lillri ug t.11I' purc' d ';i lllld n"l ii all/I t l... p'·rIIw;d,ilil.y. TIIf'
mark ed ;II{:ll~llSI' ill penucahllity with Illli l i rtl ~ . till n\<,,,1.111'1' hi1llll, 11 1'1....'1'1< lu roll" w
ether mechanisms.
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,\t tlu- ntlu-r ,'.':1]"<'111" " f ,·liI.\· 1"' IIOI\';,,r, ~l llt "'lill ' 111 ;IIl'r;lb ;11'" "h"'1"\"' ,1 I, .
liquid s. \\"il II tlu- 1101"111,, "XI"t'pl ion of xyh-nr-and I" ;1 I" ~ ", ' I" exn-nt, '''' ,'l(lill' , I I",
T Ilt' illit ;" , '1'1,\', i ' ~ ,'x!, ,'cl ,',I, Il" ~ ill 1" '11\""'11 tln-« , 'Xln'I' I "~ \\'il l, ,ul,lil; ,.lt,,1
r('all1l"l'~ ,hI!' 10 its 1"11'I i4'1I1<l1'nlll\I),,~il ion (l,n -M 'Il"" or "' II" I""h ll" ).
4.4 M icrostructure Analysis
4.4 .1 Ge neral
i,lk el" d fly 1Ill' l"lIlIlI,os;liOIi or III!' 1'01"4' liquid. S",li IlWI,I"I ;'1I11,.,;ls ,1"I'II111SII";ll", 1
CI Ii'II~I'~ fOI"cluy ~1l~lll ' ll~ iHfl ~, \\·llI'l'l' illdi\ 'i,III,,1il,1" r;,,'111 ' I'S 1",1\\""'1, 1IIIi,I 1'''11i.-l, ·
and p<lrl idl' ,pi Hli r ll' is IIII' ruk .. TIlt' l'I[""l iv,' slwss iW l i ll~ " 11 Ill<'..r".v mi'T" I" ' l
1lch-s is lill1il l..1 III I III' self b1l0)'il1l1 w,:i~III, ,1111 1 IIll' stnwl lll'" "ill'1)(' ,r"" , il" ,,j as
IImTlI!<llI,l! (1..I~e to ,:dpp rnntacts. hOlll'yl'UIIII,fl'i1Ai ll' s trurt un-. I , i~,h \"oid , at i"
and i,III' ITl/H III'(:li" il)") 0 1" , lb l'.~ r.~ , ..1 (,'<IW'10 1,IBn.' ""u lad.s, ."i"1 11 ,..1 ;luis"t n'l,i ,
~ l nwt l l n ', low \'"i, 1 r<ll.il' ;)lId Ilil;h tortuosit y ill 11((' ,lir lT t iuli pr-rpr-nrluulur 10
IIll" jJ,II1i<I"ori l'1I1,ll ilJlI), !':vi'!('lI,'('ofll ll:S"loosl' sl ruf:lu 1"l 's ;:; dilfifl lh In IVlllwr
l lJ n ,u~ l l I lli rn~n'I'Y slll1lj"H IH'GIIIHI' 1111' , Iry ill.!!; prOlTss involvr-s 11U'dlilllie ill il l -
"I' fn '~l tl y ,["posi1<'d l'iilYS. IIIl"t lu-on-rk-nl work frnuu or lJilrllsl' Ilo lIl. ll' I"y l' " HllIl
.' 1"1'1ri";11 p"I " 1l1iil l " I') ,, ';:rs 10 pruviden 11Ualil ;tl in' "xflia llitl iull of ti ll' observed
\V!,,' u ~ l lIl l rillA IIIl' dlitu,l;l',~ ill iurh-x prll/H'r l il's ( p hrs il·;tl or lI11'dHl1Jirill) such
,I.' !i' llli,1 limil . Illa,' l i,' liln il or sll rillkil,l;I' limit . Il l" SIH,'i llll'lI i" ptt'IHlr!'ll Inuu
air-.lr ir-d d ;I.I' tlli lll'l' iBI ,11,[ mlxcd with IIIP org illlie liq llid USiliA II high krllw lillg
l'lwr",)'. 'I'll<' romhinntion of llll' l'h a llin il ill ll!l,l"d r iral rm el'S Ilu r in/!; prt-p.u'utiou
1"i11 ls tO ,1 Imr l in d" r t.YP" of groupi ng of Iw rl irl ,'S 111 ,11 r-an I", dl 'snilll'd ilS do-
1I1;liIlS, l, llI,ll'l' s iliid pr-ds, with Ill in upo l''' s lIll' l rtlll('l'UI'ort',' ( Y()I I~ 11 11 ,1 SIWl'I"lll
1!1i:1). ,\ 1 il 1 1I j lT(J~" (lp i (' l" I,.·1( m a p,lIifil'ill io ll o r il l [r ;lsl x lO(J(J= I 1\), .1"Hlai lis
(Ililsi,' 1", 'l s or I l a r l i d l '~ ) a llfl r luste-rs (sinl " fillll;or(1(J lllil ill~) wit.h tlu- il ~,'i()da l " ll
ll li nll l/(,n~ '·' lllsl i1.III.' tln- " ll" '1'\'al i,UI unit s whil.. lWlls, grHili1"illld lll ilnOI'(lI'l'S
an' c!laf<[r1t'rist ie (If upl it' i1l l1lir rusn lpy , I rurt.ur e sea], '. In 1.11(' foll owing , ,', '1ions .
,III SE;\I l11a~lI ilinl li llll of ,11\ hilS 1" '1'11 SC'!" I'll " l t(l d ist illf'll y , 1101 \ ' , i ll ~1 1 ' d a,\' par-
li d ,'l' (. li ;11lll'11·r ' If tln- "1'<1.'1'of I filii) liS w.. 11 a s " I ll s l "r ~ (di ill1l('/ ('r of t l)(' o ...I" f (If
I 1u III 11m) un a i ll x !J!, 11 11plt o10l::nlpl lir uuit , T he preparation or SI"'cill1l'lIl"
fnr SE :\ I ,ll lIlil'l" luvotvc fra(' 1.nring of!l il l" nf d rir-c1 day and it wa s found t h a I th...
i !l
pasl l' (do. , p 10 1111' 1i11ll id limit ] l lia l was mixed wuh SIII Ii<-il'n l ;1111" 1111 uf "l~illl i ..
liquid (alJOI1I Hl 'J. i n rolunu-] IU l 'lI SIlW fUfllp lpl<' iuternrtien 1 ll" I \\'l ~ ' 11 1I11 id i\lul
Il<!r l k ll'S, Thl'sl' I )Wp ;l r" l ll l l i)\ ('~ wen- u~ I ~1 ku- lIlt' shri l lka);l' l i l11 illll 'l" l"Il1ill ;lli ' lIl
h'~ t s il lll lllll' ll\"I' II-d l"i l'd ~ 1l1 ~"ir lll'l l s \1"1'1"1' fril <'1l1N~ 1 all1llllul1l1 h ',1 [" I' SI':,\1 " ~ ;11 11
U,w ugll ,1..1 ..1.
111 I Ill' sl udy of d Hlllg,'s ill !w l"lIl l' abi l ily folimritlJ.!, rt ' l' l an'I Il "111 of Wil li 'I"),.\' all
tl l'g<luir Ilf'Tll l" il lll . 111l' initial tnir-rustrurlun- is CJ h r<li llt ~ II '"I ' 11l';II'.\' m rllpaf l ilJll i ll
il mold.whirl l obl' iollslr W'IUTlIlt' s .'01111' I"ari al,ilily in ~ I', ~ - i lll!'l ' I'(lid r;I'io" .\
n'Trf'r1 mirrnsl rll dlJl"l ' <In<l pis l'l"olu m l 111J1 110 111;1\"I' !U'' 'III 11
• duplicate SIIl'l'illll'lIS, k l ~'I ,illl'; ..Ill ' .IS pll' pill'l'd illlllusi uJ.!, 1111' I>l lwl' fUI" Iwr
colaticn with thefluid olinu-n-st.
• P f' ~ l l ;l rp and mount s;' lUlll ,,:; I rom 1",l b s l H'r i ll lt'l l~ [" I SE~l'l l ' IlS lll" ill J.!, 11l;11
I l ll' microstructnre is 1 ) 1~ 'Sl'I' I' I 'll ,
Til l' variability i ll in i l ial void Tal io ' "lll llhi IU..1 wit ]' III<'si/~ ' "f Sl't,,.i ll ll· lI 1.'tl"il" ,,,1
Kfl
11". 1" li,1 ~J",, 'i !l 1"1t " hN 1"'I.,."lati"n (for void ra l,io "o lllpulations ) I..ad us 10 1'111
, , ~id,' I Ill' rll jn,,~ , -ol')' ;H1 ;, I.r~ i~ "f ~ I J(',·illll'lI~ 11M'll i ll I Ill' IlI'n lll'al, ii i l ~' h '~1 s.
l-urthr-rtuore-,;"lv,'cliv,' fluid I nlll~Jlorl 1III01Il;h d, ly mau-ria!si~ rout rolkvl hy
l ilt' ~ 1';lI i a l .~ iz, ' , li~t.r il ml iull and cOlil illllily of I II<' llow rhaunels. Changing the
1"' 1'11 " '''111 i ~ lik,{v 10 a lf''l: 1 li lt' Ih ick !l ' ~~ of IIH' ", b or ll<',j l'I.\"I'r a round p ilrti c:lf'~
;lllll ,'\', 'nt llillly. wit hi ll thu p"l"li l"k~ t1 1t'msd 'T~ { for »nn-et i ll' i ll lJilfl ir-uln r }. Since
filii 1'<",r/1,"lIi1.;,1ion " f d;,,\' pillti. : lf'~ is 1101 likely10 In' o hs" I"\'1'1i ill ;, ,1"lIs" spl' d ull'lI
" ,-II;II1/!," ill II I<' ,. f1"el i,'" II,,\\, d ," ul",1 siz.' i111l1 il l·" i l il],i l ity [miuinnun OI"' lIillg) .
'[,Ill ' l 'I'<'~" llt 1,',·h" i' l l ll 'S ;I'·i1il"I ,I., for "a' III' I., IlI""lJil rilt ioll (,Iry) for SEM. it is
4.4 .2 M icrost .ruct ure o f R emoulded Kaolinite C lay
I'lli' ph"I Ulllinup,l'i1l'h" of the mir-rostrur-tnrr- of kaolluhc \\'11<'11 In ',d,' c! wit h t.hc
I , ~ I pnlll<'i1l1 t" an- shown ill Figllfl~ ,I.!) and -Lltl,
FWUl l ilt' ll li l"rop,l'nphs . it i.~ O]'SI'I'\'I'lI lllill. ilCd i,: il,·id . acetone and metha nol
d" uul ('il IISI' Si/!,llilin ll il ill1"riI1io !l~ 10 tlu- mirrofahric cf kaolinite. 'l'hcn- is no
",·i<1 "111 '" of r-lustr-r Ionnat.ion or ~l l1 · i ll kil g,' or H;H:killg of tlu- fab ric. Sa mp lros
pn'pill'I',1 wit h auiliu.-, CT C , xyl" IU' ami TCE show disl illr:t.d\lslt~ r i llg with large
('\1
ri ~lIw l.!J: I'I. tltumin ujl;raplls uf 1\ ,ltIlini tp - (a) Wa k r (11)An ·t ic' ad d (•.) Auiliu-
(d) Act'tuIW
lll a"l<' I" m ·s. This is I' li r l in llil f ly I I'lH' f"1" illIi lilli', \\' Iwn ' 1111 ' sllrrar:1' n' ilc ti ol!S an '
ill ' f'·;''' ', 1,.f1r ~ '1 i\·" si/." "r1111's" d ll.~I",S r:!l'i,ln Iilr l!,,r flli'TOIIOf('S WIt"11 k l ll';" I ; ll~
;"li"" js »1"\ ';'1.',[ . leE ;till! xyl" II" hi l \'" II silililal"iTl II""lIl"1' Oil IIIC' /!,rcHIIJillg of
p;rrl id, 'S. I'll!' 1"1'( :, 111(' 1l1r"lolllinol!.,·aph ;r1su illdin 1t"s dllSl"fi llg ill a manner
1,1",1 n" " IlIl, I,'S Fusion of ,IOtrlili liS rat.lu-r Ihilll simpk - pil ill ~ , :-\0 pJilllSihl(' (':'(Il)i1-
Uilli 'm II;" 1""'11 r""II') r"r j hi ~ C;I"', It i.s worth ll oli ll/!, that liflUid s which do
lIU1., lwlll;" !.lll·liquid lilllij ~iA llifintTI 1 1 .1" Iroru tit" lI;lSI,lill" \";d,ws for wat.cr, ~llc h
if' ,U".-I.it- ' f(-irl. ;,n' lutH' ;'IIc1 tlwl lw lIol, ,10 1101 ";l n~,' signili" i111t ;,I1f:r;, l ioll ill tlw
lllicnl; lhric ;\S \\",11. :'\01l1,o1M liquids which n ll IS!' over il Ino';{ illf"l""ilS" ill l llP
li' lliid lill1i1.i1I'I" ·ilr lu ill1,'r 1.1", minofilhr;.. 10 SOlllf' ('X1.<'ll1.
4.4.3 Micro st ru ct ure of Remoulded Ill ite C lay
ill FiAlIrc~ '1.11 and ·I. I::!.
UOlllilill iI ~/!.r(·Ail l itJll is Ohst'r\ 'l' ,j fot' nil (}q~allk liquids. The sii(" o r 11 1(~ d ustf'r
is l'il j·l indilrl.\· Iilr!!,,' fOI"( '"1'(' atn] l"(·I,,'i \·l'ly ~ lt1 i1 11 fil l' auilino.
ri~11W 4. 10: Ilhlltclminu~ra"h :-; Ilf I-\auli ni tt>- (I' ) ~11'lh atlol (f) ( :T<; (g) T( ;E (Ii)
Xylt-Ill"
Fi.e;mt· ,1.11: l'hotorui ....u,t!,l'i\ph~ " f Illite (it) W ith '!' (I» An ·tic <wid (c) Auilu«:
(d) An ·t o llt-'
F i ~lIw 4.1:l: l'hotoruicrog rap hs of Illit t· ~ (f» ~ldh il ll() l (f) CTC (g) T e E (h)
Xyk il l '
,...; Ii
4.4.4 Microstruct ure of Remoulded Smect ite Clay
I' I " J I " lII in,~r" " I I ~ "fll ... llliO'TlJSl rn.-IIIT.·.,fslu,..1.ilt' whe'll I rc·...te-d wjrh the- 1",,1
I,,·rnwilllh ...r.· shuwlI ill Fij!1Jn-s '1. la ","d -1.1·1. ( 'ouside'rilhll' r:Illslcnll!;CX'C·ILtS ill
tl ... S lll,.. -lj ,, · .-liI~· wheu IIIC' wa1<'r re'plarin1;llrJ;nuir liejuid is aniline-, III" h<lIlOI.
e re, Te E I>r xyl,·u... f" r ',,-"e1i.. ...<'i,1 itl lli <tn'IUllC', the iuina l [water salllrat CtI)
s l n ldll rt' is e'(lIISf'Tw,,1 within I<lrl;('r 1,,!Cls that arc~ Ill'line'IlII"I!l y crack lrl"~ Yoiels.
llnwever, 111<' lalln f"iltllrl-S mit)' I,,' (, /I llM~. 1 11)" lh,' prepuratlon proces s ilsd r,
SJII .. -lnu-n.
'11lis rlJrmalinu of d ush-Ts rail I~ 1lf.!;OCialrd with the'Tilpili llorx ulal ion or th..
sm...:tih· IIi1 Ttid .'lIill 1I11~' liquids. lIliCyiclrnl rrorn th.. M'Climc.'TI1/l1ion tests. T hi,
is it \'i, uitl imliriitiull ilf UI!' clIIIIM!' laycr roll il l ""'~ 11m' to tet:lurl iou in tbcdekctric
4.4.5 Sunn nary of Microst ructure Analysis Result s
TIIt,1'<' "''' 'II1S III Ill";1 ~ t. ru l l~ rorrnlut ion betwen IIIl' Tl~sll l t, of the sediment ation
and imk-x pw pl' rly ll's is ami I,lli' microst rud llTl' llllalysis, Maximum alte rat ion ill
tI,.. mil'Tuf;lh ri . ~ ~' ''' l11!1to res ult from expos ure to t ill' nonpolar liquids. Immediate
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Fi.e:llrl·4. 1:1: P lllItumi l' ru,l!; rill'h s of SUH-'ditt" - (a) \\'a tt 'r (I,) ,\ n ·t ic acid (1-)Aui lim-
(.I) An·t u ll!"
F i,c;1lI'l' -1.14: I'h oh JlJIil'l'lJ!.!, l"ap lls of Sllu·(·titt· - [e] ~tl'lbittlol ( f) C'I'C e!!;) TeE (II)
Xylt"lw
oS!1
BOCl"1I1alio ll. withiu [I mill ull -,; ,If !'I.,l i llH"lIlilli"n h-,;I i llili",i"II, WM"hs('fn~1 ill
illI clays \\'11('11 I Ill' lilillilis IIs....1 we-rt- uonpolar , Thc~' licll : icl~ al, .. IMcl 'Tr,\' 1..11
dielect ric nmsliml~ (rill1"inl; ~nom :! It.li) n'1I1I'ilrt~1 h .l1lO'lIllwr IWrln",mls II...~ I
in t his in\"(~lil;il.tioll ( ril.lll;illl; [rum ;Zlu NI).
nonpola r li(lnills (,;LII~l"C 1 uw r IOfI'X, iIlC'fl' ;]SI' [ ksurliuilr-, illi... ) nr ,1,..'n· i1';(· ( ,<II1, ..-li l,·1
lnliquid lirulf.. TIll'S(' ril1(linl!:s Sl'I'1lL10 slIpl'" r! Ill<'l"ulwlllSiullS lOr IluII"I,,!'s " 11.1
Daniel ( 1!187) th ill. 1i lJu ic1 ~ whk-h arr,'d sl"IliHIl'II!al in1\ 1'11 111'1"111' 11I1l1 in.k-x1t",11'
a rrf~l the 1"'TlllC'ilhilily. ( ~I(,lIr l ,\' , I'urn 'nl lirillinl;s indirun-tl••,! I lIi.<....lln ·I,1 1111,)'
he appli-ebk- to ("hallgc'!! ill lI1il'OIf"l ...i.. il l' w..l1. LiI!lIi.ls wlrirh llco10,,1 .-;111...• ri." i,1
Ilocrulatio n in so:..linll'lIlal iul1"",h or il l' IIl"l'('i ;,MI' dlilll"'''' in li' llli,1 lilllil ,I.. nul
appear to all.·r t he' 1Ilin uslr urlll ...• al' prt'(·i..l.ly. ;.111".u,,11", .1111' O',' i,I' ·IU"., ")I;isls"f
a.v;rcgil.tiol1 (ormal ioll. Tlu.,..· liquids pml .,;.lJly ..Ir,. " l,y.lta llli,' ..un.ll,..li,· il,\' 1,,\'
utl lcr IIIcc1lan;sln'l.
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Chapter 5
S um m ary a n d Conclusions
Tlt j .~ dJilI, I" l"S llllt tllil r il~'s 1Ill' primary fJ],jl'l' l in 's ,lIul fi ndingsor this iIIV l's l,ignlio ll.
{ ' '' II,.] IISi'' lIs ,h all' II Ih 'Spd(Jll IJIt'I'x l,,' rillH'1I1 ,,1'; 1 1101.\" and Ilw illlp lieilt ioli s o r l l11'sc'
5 .1 Summary
'I ill' (·I[c'd " or orp;a lli,' li11llilis 011 various physk al, hydr-aulicand mir.ros trurj.n rnl
prop"r1i,'s o f Ihrc'(' d Ol ,rs II' l' rt ' iun'sl iga l, '(l ill t.h is ~ lll dy. 'l'hu d ays wure rhos en to
n 'I' [('s"1)1 t ill' ,')l l r ' -II1I'S ill d 'l )" sl nKl tin' ilud pmlwr l.il'S. '1'111' organic lillUids ',Htl
!II
(·II\·.,rc"lawili.' fillll1,.· .. r "p. ,,·i,"' ;.li"lI\,..I.,l,...,..llt·lll f ;,1 l'tl\'IT ,Il11 I ' ''''ll fili lltllll ''' I..I'.
TIlt' Hlfn· laliull I.d\\·(,,·\1 Ie .,.." "'h·1I a" ",,,Iim'·lIlil . i,,n ;'I\'l l~''''''', iu.I.·x I.r" l.. ·t l~·
may '1I1r·r s i~ lI ilinll lt l )' 111<' inl rill"ic pr'I"I I1I 'ahilily ;1I1,l lIlicl'l",l rut"turt- of t il" I<'sl
1"111.\·S. lt is c'o lwllldr,d l lli1 l 1I1( 1~" lifillills. whid l .10Itol ;111', 1'1 III<'s,',lillll'ul;ll i,,"
wit h III<'~t il ll< l;' rl l J,,'ru ll'illli water, will nul a lrl ~ '1 •lit, h,\,.II'iLlli<- "". Illu. 'l i\' il.\· ' 11
lIIif" rllStTUdll TC' "iAllilinlllll r . This is nlll" ist'-lli wil l. Ill\' l i r l< l i l l~~ of 11<.\\',I..,-s illUI
towa rds " II illI'Tl'ilo;l ' ill inl rillsi.· 1IO' r111. ';thilil)·. Inn " .IM'" " f II", or. I.'r I,f t \\·u I••
Illtl,(, l iml'S I IIl' 114.M,lilll' \,;.II." s h.l\"'· 1"" '11 IlI ISN\'. ~ 1 fur IIII' ~1II...·t iri,· d Hr . 'I I••", '
results ilTI'nm sis!o'lll \\"il.ll I110sr' or( ;1"" ' 11,'I ;11. ( I!l,lll) ;11111CliP!)! "ltd S1<'pll"lIsIlIi
( 1 ~ ) l'\9 ) for tlw i.. p,' n rwnl,ili1r s' lIdi,-s, T Ill' ;' 1' 1"."1'11 ' initiul ,1""1"';1"" in ittl riusj.
pC'rHll'illJilily ill 11lC' f ilM' of IIII' lillllid" illllllisf'il.I.· wuh \\"i r11't i.st I"JI '1!; 1r 1 I" I,,· .1 11"
10 l1 lf~I'llI~r~}' , ~xp' ~lIf ll ' ( ll.r 1 11f'!'If ~ fluills ill l'xl'd lilll!; I Ill' inn-rsl ili HI \\";, 11'1'. T hi"
!J2
111',"n"'-"I,i,-! , 'v, 'I,
. lu 11 ,,1 ,-all!'" si"'lIili""1I1 all.'n.1iolls 10 nil' mh-rofalu-ir of kaolinite-and illifr-. ;\0
visi],I. , dllSl l'1" [orllli ll i,,"s , shl'Iuhg(' or l:l"iU"k~ 11',' '''',11'11 '("1(..1. S'llllp l .'~ pl"q 'lIl'1'd
wit.h uuiliuc. ('T( ~ , x,l'I" II" ;11 1.1 T{' E slnnl' Ilisl luct d lls l(' rill~ wit 11 largl' macrup-
O I'\'S . '["(: 1-: illl d xyh-m: IIi.I'" a similar ill lhll' !In: 011 III(' p;rullpi l1l;of !lilrl id , 's , FOt'
( :' I'{ ' , l 'I .' ~ I " r ill.l!; 111 11tuunucr sil l.ilil1- to [,ISlo11 of domnlus is oll~f'r\'l'fl, T]n' dr.'( ·ls
\\"'1'1' found 10 I,.. must si,l!; lIiliril lll ill I lw d.· r! rodLCl11kil ll,\' "d in ' S11lI'f:tl1I'.
5.2 Co nclusions
All (111' llin '(' l"1ilyS l l1i1 t 1 1il \'(~ ber -n st.udlr-d hi1\'('hydraulic conducti vities l('ss than
l b., EPA I'n·s ni l"' . 1 v..hu- ( 1 )( 10- 7 (:I ll/S), ('\ " '11 fu r .:Ul1lpiH'rlUIl l:Ollllit iullS 11111..11
I.,ss 1111111 Ilu' 111,lXl11 111 111 fIr)' unit 1I,.. ight . Theyu n-. I hl'rd()rl' l'] i g iIJ I ( ~ l1 l il t l' ri il l s for
rUI1._Il'Ill '1101l o f lim-rs fur IHlI.'ll"(lulls r!l('llli "lIl wilSI(' Iacilit.ics. All il1v('1;t.igilli oll o[
I Ill' d lillL,!!," S ill I Ill' intrjusir IlI'r llll'abilily 11l1d mierosl.ructun- of tl lf' thr.... clays
wl1<' 11 r-xposr-d 10 orgilll i .- ~ l."uls to t ill' follo\\'Inl; r-ouclnslons:
I. Snu-rtitc has Ill{'lowr-st illili" l illl r:nsir pl' rl1ll';dlility 11111 is 1I,..mos t il lk ..tl·tl
by dl< lllP;I'S ill thomlll p,)~i li tlll of II", n-st Hili,]. h,lll lillih' b;l~ " h i~h inili.d
11I' l"Im' i,1Ii li l.\' bu t is mo re l"l 'Sislll111 I tl dl1'lI~t'~ . Hl i t.· di spla ys i ll lt' rllu~l i l l t r-
ilil ril lsklWr11Wllbi lily in rn 'IIS('s 1'1111 lu ' ,'s pl'd t ',1 i ll 11.. , rql,illll S l.r 11" ,l itll' l
Iw" I ' r il, ls l l l iI \ iIP'{'SI"lSl';l l l' t ]lI 'Sl' l i ll llit k
:\. Liquids wulch ill'l' illltl l isr il,lc' with wnn-r11;1\·,' 1" " SIll'Il,1 i1IJ I'I'l·, - i ;I I,lr·'· IIl ·r~.\'
Ill'fol'l ' IIll')' rau l'l' pliH"I' tIll' in h 'ls ti llill wnte-r ;,,,.1 1'1 '1',., wit.ut! ... l; twlll1i\o-
1. I' rd il1l;lIllry It 'sl inp, 1111'I liuds sm-h ilS s(~li ll If' 1I 1 al i"" illlill .\'s<'S I''''] judI' S
prupert.y 1c'sls C"<1II Ill' 11s< ~ 1 liS i1l<Iil-loio rs lOr l it. ' l ." I" 's or li'l ili ds II 'ioi 1III Iy
!J1
C hapter 6
R eferen c es
.\ ' ";,r, Y.Il.• ll auridon . A.. Vi. ·M. S. i11..1Smtt . I.. (I!lsrl ). TII' - Errl"'l of Orll.;l1l i,'
F lu ids "" 11",', lrillllic" ( 'lIl1lh u"1i\'il ~' lIf ( ·o/llI....·. .. .1K'l" li l lil" , ..tST.II S'! '/ ' .~ 7J. Pi l
171 I~i .
'\ 1I.1.-n.tHl. I>. (I!,:rl ). Iltll':< L IIl,IIiIlI••·;u·!lal f· :\ lilkr (' l il )"I.irM'rs :\IUfl· " (' rJlll'llhl.·'!
( 'it ·;1 I-.'1I.qi",., r ;ug ~ I S( 'I:: pl' rlfi IN .
.\ l lCln :<tJII. I) ,. Bmw!., 1\•• i11111 (: rc'(' II . J. ( 19:-;1). Or J!; iluir I.e·ileha!.· E lfl'( l s 11I1
lh. ' I" 'fllll'; l! ,il il ,\'"f ('\;,,. l.im-rs . S" t itlllt/l ("o l/f ,n lwl ( J/! .l/ llllll!/rmillt ••! 1/11011/ ·
Imllnl /I":: f/l"Il"lI~ I I 'm,1fSit,,", lI'a....h .. /J.e.. P I' :n:l 22!1.
.'llth'rson. Il.. I!mw ll . 1\.. a lltl Thou ms . .I. ( 1!IS:i). ( 'owlll!"livi!)' of COIll IHldl ~{ 1
:l (-l) ::l:I !J :U\I.
Il,lih·y, S, ( I!Ifi:J) , l'ul~'ll1()rphislll oltlu - 1" I"Ii" \ Iilll'rids, ..1m, .l /im,... l .... : I I!ll;
11m!.
HOlI"ckrs. ,J. ,llId llauiol, Il . (1!1:-'7), lIydrilll li.. ( 'll ll d li rl il·ily " r('"nl l'," 'h',l ( ' I;ly l "
n illi l e Orgilllic C!Wllllcak ./oll n,,11It! ( ;H! ' rr'hll;,'" I/~'II.11i ll,, ' l"I rl.ll . I I:l(I:! ) : I I;l:!
HUI.
' li'Sl i ll~ I III' ( 'o mp ill ihil ily u[ ('Ia ~' UI\l'rS with Lamlfill [.. ·;,,11,,1<'. II I1: rlff l,, " ., fllIIl
/IUIIl.'" I ,'ilil SIJlit / H'tIS/I' '1h lilly : FUMI'I{, S ylll/,,,.,i u lII. ,1.0.; '''. \1 ST t ' 8S/i, {,h i lmld ·
plriu. liP 2:1:1 2;')0 ,
1I0j"lltoll.S. ,\l Id llauiel, IJ. ( I!lS."i). 1l,\" llr ilulir ( '," I, ll lI"ti \,i l.\,T,~l s .J11 (' '' 1111';1<"1 .. 1
Clay. ./rHII"//111 of Uml u 'huind / ·.o/lylrl fl T ; " !!. II I (·J):'[(;,"1 17,-;.
Brindle-y. (:. a nd 1l0111llSCllI, 1\. (I!Hfi). 'I' ll" Sln ,, 'l l11l' of 1\""lillil t,. ,\li m nll",t/!/
.11tl.tfu ::i ll r., 27:2>12 2.';:1 ,
Brown . 1\. and AlIflt~rsOi l t l). (1 Hila), E l rl 'r' l ~ of ( )r/VllIit' S., I\"'lIls " " lI lt' 1" '1'111"
ilhili ty of ClilY Soils, Sol ifl tlll d I/t /; lmltu 1_, lllfl.,' , //J,., /J i n.. 11SHI',1 /WO/ 'i:! .
IfI - O/fi , Cint:1lHw!i, Olon.
! j(i
Jlrowl l, 1(., ' J' ill/mas, .I . , and (~r"t:1I , .I . (1!)8<I). Pcnucab.ility of ( ;ornpaclc '<1 Soils
1" Sf ,lW'ul ~t i xllin's _lI ld Petro le-uml'rndll l'ls. 1.1/ 11t! lJi.\ lm Mll fJ! / / IIZ/m/tlU,\ Il'a,-I[
: 1'I'Of1uli "!I,'; nflill 'j'r' Il '" AI/UlUII Il",'; ftln'h SY1fll/1!·,illl/l, (/Sh'PI1, PI)12,1 -1:17,
Il ru ll d hT" Ip roy, H " ~ 1I <1 ;'V!"yf'r, C. ( l!Jil7). ~ktllods for ·1 i: ~ ,~1.i llg t il e Com-
IMLillili !)' ur ( :lay Line-rs with Lundiill 1., ,1I(,1I;lh ' , (,'rokdl1lirol Pmd il"f'. j or !VII., II:
l)i·'il "'·'I1/.
1111,11111, M., (; i"M', 1(.F ., f:~l ll pbdl , (; , anti 11'1111llgrass , I.. (1m)]) . Tlw I'erlllr ·
~ hili t .v llf S()il ~ witll Orp;'l lli,: Fl ll i d ~ . C mllulill/l (;( ok rl lll irlli Jou rllal, :!S: 14 0- 1'17.
(:,lr]>I'1Io'r, (; , undS\ I' p lll'IIS0 1l. n , ( IlJR6), Per-meability Toting lnthe T riaxial
C"1I, (:, " /IT ll1I i rlll 'If:,<lli/l.9J OIn'lud, !J( 1)::1 s,
[lauh-], [I. ,111<1 I.iljl's lritlld, II. ( l!kH ) . fjJ rd., (If /'lIIuJJill J.If/{ :IIfI /r.1 on i\'1I/III1I1
I,i'/(T Sy,""'II,'i. Ik llUl'l. (:Wola·(i , (:I '(,\.('dlllinl! Ell gilll'{'r ing ('en l c'r . t1l1i\'ers ily or
'l'l'x as,i\Il._1.i ll.
llanu-l, D.. Traulwoin, S., Hoyufon , S . , and Fo reman, n. (19R 4) , Pc r meabil-
ily 'I'1'Slilll; with Fk-xihle Wa ll 1l1'rl!lC'.l l1l'l('rs . Grol cc!JIJind 'l'c~li/lg JOl l!'llrd.
7(:1): 11:\ l~~.
[)l'{'" , W.. Ho wit-, I!. , and Zusslllan, .J. ( l !luG) . lin ill lrot!l/clion /0 th.c flock·
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Appendix A
Grain Siz e Analysis
Grain si ~c distribution plutH,If(' sho wn in Fi14lln'.~ A.I , I\. '!. iliH I A.:I.
102
Perc ent finer than 2 micron s
100 ~·--·
Kaol lnlte.,.> .
80 1·
i
!
!
I
60
1
I
40 ~
I
20
I
; , "" I! I !II ! "
0 .01 0.1
Par ticle Diameter (rnm)
I I I ! " "
Ia L_..l-..l-..LJ...L.l.LU__'-.L...LLLl.J.l.i..._ -L-L-L.L.L.L..LJ.J
0 .001
Figure A.l: Grain Size Distribution - Kaolinite
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Appendix B
Atterberg Limits Test s
Liquid liurlt plots (or kaolillill ' . illiu- and SIll!'.'li l /' an- sllU1\,t1 in Fi/!,Ill"/'s It. I. II,:!
alli l It. :l n·slJ('d il'(·ly.
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Figure M,l : L'iquid Limit Profiles for Kaolin ite
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Appendix C
Compaction Tests
Moi~l.\ln' (:(m1.c'lll , • dry (]I·t1si t.y pluts Ub r, ;l i lll ~ 1 l1S11lP; Sli1l1d ill'l l I' n wl o r 's II'sl s
(AST ).!. /)!lS-70 ) an' shown ill Fif';!II"f'S C . l. C.:! ' IIH[ C,;l r"r \w ,,\ini1.' . illi1<' a llfl
SIlll'ctill'rt'Slll'r l,ivd .v.
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FigureC.l: Moisture Content - Dry Density Ploss for Kaolinite
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Figure C.3: Moisture Content - Dry Density Plots for Smectite
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Appendix D
X-Ray Diffraction Studies
Samples for X· n ay dilfr llcli oll a ll llly~is \\','r" " n '\liln'll m. fullm 'o's:
ullcd water Wi'lS pre'pan'll. 2 11I1 of I II I~ SllSI"",siul1 1\111 :01 a lluwl'l l III .!ry ill
a ir on a pe t rogr a phic :d illc (<l.lk m x 2.rJrm) III TUUIII t" IlII'I' r;.Luw. T Ill'
sa me procedure was followl..1 for all t llf' tll n , ' d ays. '1'111' .Iril'll !WulIl'l,'S
were scalln(.'(l ll sill~ t ill' X Hay lJilrrad uIIlI't" r (XIl IJ) as '[' 'S''Til" ..1 ill !'l .. . .
Lion3.2.2.
• Tn' alel! Sam ples
1. Olyo-rol Treatment: T llis met hod Wi lS adl/p ll'l l for illik alld SlIIf'l "li ll'
days on ly. T he day sam llh~, Jlreparc'c1 as fllr 1111 l.r"al, ..1 s"IlI pl. "'I was
111
all"w. :.1 to ~IAllrl in a d.s sleetor S'l lllrRtl~J with glyccrol va pour. Ti le
day llIiI!> Id t ill til, : r1,~..i~1l.1 lJr fo r 48 IIUlINi tu e nsure adsor pt ion or
~lyn'rull)lI h, 1111'day surfan:. T Ill' dried sam plC!'l were then an alyzed
it" hd ull: u"in jl; t ill' X IU) .
- Hit kaoli ni le:: The dr ied 1IIlt re.1.lt ..1 S<l.1Il1l1,: slide Was healed 10
al)(lItl .'j.'iO°C ill a lIlulllf' fUfllil("C fur 11 11 hour . 'I'll!' heat t rea ted
- Fo r i l li l l ~ lllil l sUlI'dilt>: '1'111: J!;IYl'erol salllrilll..1sa m ph'SweT" I1l'a1.ed
In 11 1'"111..'i!i(J"C ill <l mulllc furuac c fllr 11. 11 hour lind t he heat t reated
S'llllp le"" arr-AIIi\ly...c'C1. Thr- di ffradllgrll.lIls arc given in Figures D.I ,
D.2 i\1I11 D.:I rl'Sp,,<:ti\·d y.
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fi gure 0 .2: X Ray Oilfractograms - Illite
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Appendix E
Chemic al Tests - C ation
E xchange Capaci ty
,,,', '1,,1,- " 10'111," ] ,IS follows: TIll' auunoulnm ;In'' ,ll,' -olutiun \\'a.~ PI'('PilT<·d I I.\'
d il tl l i ll~ Ii.!!!, o f anuuouium IIn'I ;]1I' 10 I L in II \·ol llllll'll' i,. Ilask w it h llislil k d
\\";11,-,- 'lI1l1 i ll lj ll s l ill~ I IIl' [ii i t tl 7. FOII I' g r illlls ur ili r- dri,~l soil we-re- \\'('iglwd int u
., tIl) till ' l l;l ~ l i , ' ("< ' l1l l ifllW' 1111ll'. Sil lll]lll's WO' f( ' pre-pu rcd ill . lu plkal" to ( ' ll S U f ( '
rt' pl'o,lnfi hilil .1'o f results. T" ,'1I,.h of tlw 1111ll's. :\:I ml of ammonium OIn'11I11'
"" [uli,,n wils ,,,I,I,>,llu luilk"np 111,- \""llI llll't u -lll ml. TIll' ll ll)('s w\'wl l...11 pl'II",-,1
i ll il w"i p ru.";,' iIlA sh" k"r for ;,hoI11 :! hours. 'l'le- filt ro,l!' Wits t'xl riwll, d I1lnl1lg11
\\ '!l;, l lllilll :\0 . 2 Y liltvr !l' ll"'r a lltl l !t" filt ril!l' was saved i ll a 1'1ilsl ir vial for
11!1
SII<'("tmphuh>1lW!I'r ( .\ AS) "''Sllltillll.ill ""IW"1I1ril l ;"lIs " f 1Ill' ,"al ;ulls. t" . ,\ ,ltl,I,,, "
" rlllilllll llllJl1l1snlllliulIU f:mUlIl'l'lI1w "S " "< jl,in ..l illl",II,s"IIlI,I'''' ;' ' I,lsl ;,".I"r,l "
( " .... f) " ' " x 11l1l .... "I~'( ' ': -
IlIon )o, 11'...." ..II I'
w l ll ' !'('
n':"11
( "
Il
I'
Uilll liull f..II "lm
Carlon \,,,lfOlw,'
ws WI'i~" 1 uf drs !>CHI (J!,;)
I:lfJ
RESULTS Of' CATION EXCHANGE CAPACIT Y TES TS
US ING P ERJ<I N ELHER 2 38 0 ATOtUC "'ISORPTION SP ECTROPNOTOMETER
DIL UTION
, , 0.230
a a 0. 420
, . 0. 7 59
ILLITE 1. 93 0 . 39 9 as
KAOLIN ITE 1 . 81 0. 377 as
SMECTI TE 3.41 0. 659 ace
,
,
,
ILL ITE
KAOLINITE
SMECTI T E
,
,
s
3. 06
0 .93
1.04
0 .122
0 . 37 9
0 . 610
0 .l78
0. 11 7
0 . 1 31
as
as
reo
, , 0.033
, , 0.092
, s 0 .152
i oI LLI T E 3.9 6 0 .12 1
KAOLINITE 2 . 58 0 .080 ie
SMECTITE 5 . 8 1 0 . 1 76 reo
, ,., 0 .04 0
a 0.' 0 . 11 1,
""
0 . 18 0
I LLI T E 0 . 37 0 .136 reo
KAOLIN I TE 0 .1 6 0.060 so
SMEr:TITE 0 .3 9 0 .14 2 ace
KAOLINITE 3. 8
I LLI TE 22 .1
S MECTITt: 68 . 3
Figure E.I : Data Sheet - CEC Determ ination
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Appendix F
Data on P ermeability Test
Specimen s
lJalA 011III<'water rouu-ut. , !Il""' i fi,: ,;rav ity , \"ilirl t ;.1 ill . Ill ln ' ""hiliit's ilVili lilhl ,· fur
pe nns-an t now, and tl' 'RrI'C'Il(lIil llrat iulI uf II,:,l s IK'C ~i l lll'lls atl, lilIt.c.1 ill Talll!"!'1".1.
F.:! and 1".3 rOt Molinilc . illite and sllln~ lill' n"IH·(,tiVl4}'. I' lnu fIr illtr ins j." I..-t·
mea bifit y (k) \'(' rSllS po w volmru-s ur flow nre "Iso lud ",I.,,) in FiJl,lltl,. F.I. F.:!
and F.:l for kilolini tl" illil l' lIn.1SIIIt'l'" l itc· rl's IK'C"t ivc'l y.
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~ Snmpl f' 1.11. Liq u id TYI )(~ we DO VH I' DS
1\1\-1\)\,1 An~lif- A d d :m.2 IA f) 0.7! -1 1.50 102.i'JO
l{A·AN -2 A Ui1ill(' H .I I.:W 1.08 fi l.ll-l 102.07
1\t\- i\(:E·1 , \["dO Il<' :Hi,li 1.:12 0.8() ,n.mJ \ ()2.;IS
1\ 1\ -~1E- 1 :\ll'1h11l lu l ·ll .!) I.:N LOI ,jfl.2!l 10:UIO
1\1\-C 'l' (:-1 Carbon ' J'dmc:lLloridl' :m.() 1.2H O.!)" '1/l.71 102.:1:1
1\1\-'1'<:1';-2 Trichloroethylene +1.5 1.20 1.fj!J .')2,0;", JOI!J!)
I\ I\ -X Y·I Xylcur- :~!Ui 1.27 fI.!JCi 'W.O:l I02.;\!)
\\'(' ;;-\\" "'r ( ·",,h·1l1 ('A·)
1>ll=lJry I k IlSil)' (p;/ f"lII")
VlI=\'ui ,1 n :I I ~,
1' = I'orolsity (%)
Il S=n.." r,..• "rS"llIralioll (%)
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·I..SH 10 J.!lli
l fi. :lfi Hn .n:l
lI i.:\!) )ll:l .%
17 .:1li 10:! ....,1
1,1.1,1 IO:Ul'l
S~ lII l)I I' t.n I.iquid T~'PC' . ~~II~r
Il ,-AA- I Ac('\.irAdd 2S.:! IJi2 n.sl I
It.-AN· ! A ll i li ll(' :11.;1 1.:1:. (J.HIl
f--
I I,·ACE- I An-lUll!' :m.K I.nli O•.sS
--
1 1,· .\ I I '~ · I Md ll<ll\ul 2'i,K )Ji,l n .i !!
1[,·C'l' C- I Uarhon '!'pt r;l(,hlol"i111' :lIl.a U.s fum
11,·'1'(;10:-2 'l'rid l]umpl,llyll'lIl' :ll ,7 l ,iH ll .!ll
--
-
--
H,·XY· I XY ]"ll c' :m.:l I.!"k'l ll. Hi
---
WC=\\',ll~r Co nte'l:1 (% )
VII=Voidllnl,io
1' = l' o r""ity (%j
I)S=D"l:r" 'orS" tu'olIiu" ('/{,)
~.
S~l ·AA ·1 A"d il: Aci.[ 120. 1 lUi.") a.u 7Tdi,[ Im.Hi,
SM-Ai'\ · :1 A ll i lill" ue.n n.w 1.;i2 7 1.5:-\ tOI.,11
SM-A( 'K I A ,' (' luIi C' ~ 1~Uj n.T-] :um 72.'.10 l Ol.OI
--- --
SM ·~l1':-l :'-.1t·l.haliul [I fi.."i rUi/i a.o:\ T d i IO:!.:1!l
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